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Abstract 
Relative sea level rise (RSLR) and tropical cyclone-induced storm surge are major threats to the 
Lower Mississippi River Industrial Corridor (LMRIC) which has approximately 120 industrial 
complexes located within the corridor.  Spatial interpolation methods were applied to the 2004 
National Oceanic and Atmospheric published Technical Report #50 subsidence dataset and 
cross-validation techniques were used to determine the accuracy of each method.  Digital 
elevation models (DEMs) were created for the years 2025, 2050, and 2075, based on these 
predictive surface of subsidence rates.  Future DEMs were utilized to model RSLR and 
determine the extent of storm surge on the LMRIC by simulating storm surge from past 
hurricane events.  Results indicate the empirical Bayesian kriging interpolation method was the 
most accurate of the methods, having the lowest mean error and root mean square error scores.  
By 2025, approximately 31.4% of landmass in the LMRIC is predicted to be below 0 m 
NAVD88, with 40.4% below 0 m NAVD88 by 2025, and 51.8% by 2075.  Nine of the 122 
industrial complexes located in the LMRIC are estimated to be below 0 m NAVD88 by the year 
2075.  Results also indicate that RSLR will have a direct impact on flood depth and extent of 
tropical cyclone-induced storm surge.  Models indicate that if current projections of RSLR are 
correct, then eight of the 122 industrial facilities in the LMRIC would be impacted by storm 
surge from a future storm like Hurricane Katrina, six from a Hurricane Gustav, and two from a 
Hurricane Rita. 
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Chapter 1. Introduction 
 The Mississippi River has played a central role in commerce throughout U.S. history.  In 
the nineteenth century, it became the principal trade and transportation route for the southern 
U.S. which, along with the abundance of other resources in the area, enabled large indigo, cotton, 
and sugar plantations, and other industry, to thrive along its banks (Allen 2006).   The 
transportation advantages afforded by the Mississippi River along with the discovery of vast oil 
reserves in the Gulf of Mexico attracted large petroleum processors and petrochemical plants in 
the twentieth century (Allen 2006).  Today, 122 industrial facilities have replaced the large 
plantations of the past along the 240-km stretch of the Mississippi River connecting Baton Rouge 
to New Orleans, Louisiana (Sternberg 2013). 
 Industrial facilities along the lower Mississippi River rely on the river for a variety of 
reasons and as a result of the prosperity that they bring, the chemical industry has influenced 
policies that encourage more petrochemical companies to open facilities in the lower Mississippi 
River industrial corridor (LMRIC).  This has established the LMRIC as an economically 
favorable area for high-profile petrochemical industries to locate.  Many of these companies, 
especially those that refine or transport petroleum products, have the potential to affect the 
economy on not only a national scale, but on a global scale (Blair and Rezek 2008).   
Hurricane Katrina in 2005 exposed the economic vulnerability that these industrial 
facilities face from natural hazard events, to a greater extent than any other singular event. 
Katrina has confirmed that it is imperative to protect these industries from the threat posed by 
natural hazards.  Geohazards in the Gulf Coast region and more specifically the LMRIC have 
received significant scholarly attention, but scientific research has fallen short when examining 
the direct effects of these hazards on the industrial facilities located in the area.  Current studies 
on natural hazard influences on industrial facilities are focused on the direct environmental 
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impact caused when a natural hazard event severely damages a facility (White 1993; Young et al. 
2004).  Moreover, such literature focuses on high-profile hazards such as tropical cyclones, 
especially major tropical cyclone events such as Hurricanes Katrina and Rita (Table 1.1).  
Current literature largely fails to address the cumulative impact of anticipated sea level rise, 
subsidence, and the potential increase in the severity of tropical cyclones under future warming 
scenarios (Webster et al. 2005; Ting et al. 2015) on these facilities.  Although some studies 
sponsored by corporate industry leaders, such as by Entergy Corporation (2010), have addressed 
the changing risks associated with atmospheric hazards and potential economic effects of climate 
change in the Gulf Coast region, most such studies either lack detailed analysis, are proprietary 
in nature, and/or focus on the potential effects of natural hazards on the present economy.   
 
Table 1.1. Major recent studies that examined the effect of tropical cyclones on industrial 
facilities along the Gulf Coast. 
Source Study Area(s) Event Examined Hazard 
Cruz et al.  (2001) Probabilistic Hazardous Material Release 
Probabilistic 
Hurricane Event 
Lewis et al. (2006) Louisiana 
Hazardous Material 
Release (Chemical 
Plumes) 
Hurricanes Katrina 
and Rita 
Pine (2006) Louisiana Oil Spill Hurricane Katrina 
Godoy (2007) Texas and Louisiana Oil Spill Hurricanes Katrina and Rita 
Harris and Wilson 
(2007) 
Pass Christian, 
Mississippi 
Wind and Storm 
Surge Hurricane Katrina 
Ruckart et al. (2008) Texas and Louisiana Hazardous Material Release 
Hurricanes Katrina 
and Rita 
Bailey and Levitan 
(2008) Louisiana Wind 
Hurricanes Katrina 
and Rita 
Cruz and Krausmann 
(2009) Gulf Coast 
Wind and Storm 
Surge 
Hurricanes Katrina 
and Rita 
Santella et al. (2010) Louisiana coast Hazardous Material Release Hurricane Katrina 
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1.1 Climate Change and Human Influence in the Lower Mississippi Region 
The LMRIC is vulnerable to multiple geohazards that pose a significant threat to the 
numerous industrial plants.  Although surrounding levees and berms provide many of these 
industrial facilities with at least some degree of protection from flood hazards, the long-term 
vulnerability of these facilities is unknown.  Some reasons for the uncertainty and concern 
related to the vulnerability include the complicated nature of the combined effects (wind, waves, 
floods) of the observed (Kossin 2008) and projected (Holland and Bruyere 2014) increase in 
proportion of strong hurricanes (i.e. Saffir-Simpson Category 4–5) globally and also in the 
Atlantic basin (Bender et al. 2010); increasing and uncertain rates of subsidence in the lower 
Mississippi Valley (Wolstencroft et al. 2014), which are estimated at about 9 mm per year 
(Nienhuis et al. 2017); uncertain rates of eustatic sea level rise, which are currently estimated at 
approximately 2 to 3 mm per year (Anderson et al. 2014); and the limited present success and 
uncertain future success of small- to medium-scale Mississippi River diversions to enhance 
accretion of sediments (Dean et al. 2014; Wang et al. 2014).  Uncertain future consequences of 
the constraining of the Mississippi River with an elaborate network of levees that restrict the 
deposition of land-building sediment also complicates estimation of natural hazard risk.  The 
impact of present and possible future development of shipping channels that disrupt the natural 
hydrology of wetlands and allow for saltwater intrusion that exacerbates land subsidence 
(Gagliano et al. 1981) and fragments the wetlands while accelerating coastal erosion rates 
(Boesch et al. 1994) also complicates assessment of the future vulnerability. The remainder of 
this section provides more details on each of these confounding effects influenced directly or 
indirectly by natural and anthropogenic climate change. 
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Following the Great Mississippi Flood of 1927, the Mississippi River was restrained 
when the United States Congress enacted the Flood Control Act of 1928, which authorized the 
United States Army Corps of Engineers (USACE) to construct an elaborate system of levees that 
restricted the natural movement of the river and reduced the capability of the river to deliver 
sediment deposits from river migration and riverine flooding events.  Similarly, shipping 
channels in coastal Louisiana are an essential facet of the region’s economy.  However, these 
channels, like levees, have a negative impact on development (and vice versa) in the coastal zone 
because they alter the natural water movement which allows for the area to become susceptible 
to saltwater intrusion and wetland erosion.  These channels also amplify the storm surge 
produced by tropical cyclones.  In addition, these shipping channels disrupt tidal cycles and 
currents when spoil banks are formed from dredging operations.  Spoil banks also increase the 
depth and duration of flooding, which stresses plant life and leads to further subsidence and 
erosion of wetlands in the area surrounding the channel (Boesch et al. 1994; DeLaune and 
Pezeshki 1994).  A key example is the Mississippi River-Gulf Outlet (MRGO) which served as a 
major shipping channel from New Orleans to the Gulf of Mexico from 1965 to 2009.  While 
MRGO had considerable economic benefits, it destroyed or altered approximately 20,000 acres 
(USACE 2000) of coastal wetlands that protected New Orleans from tropical cyclones and 
amplified impacts of storm surge from Hurricane Katrina.  
While flood control measures are implemented to provide short-term protection for these 
communities, history has shown that these actions have long-term implications on the areas they 
are designed to protect (Scaife et al. 1983).  Infrastructure constructed under the umbrella of 
economic development also has negative long-term effects on the natural capability to protect 
these communities from natural disasters such as tropical cyclones (Freudenburg et al. 2009).  
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For instance, drainage of swampland for such construction is problematic because swampland 
acts as a “sponge” for absorbing water during periods of flood and as a filter for pollutants.  It is 
imperative to understand the value (both in terms of monetary costs and in unquantifiable 
protection of life) that such natural “services” provide in order to assess objectively the economic 
impacts of tropical cyclones. 
1.1.1 Subsidence and Sea Level Rise 
Relative sea level rise (RSLR) poses a significant threat to low-lying areas in southern 
Louisiana (Törnqvist et al. 2008).  RSLR is the combination of subsidence and eustatic sea level 
rise.  Subsidence is a process that occurs when soft sediments are compacted, forcing out the 
water and gases contained within the sediment layer.  This dewatering and compaction process 
causes the land and infrastructure atop it to sink.  Eustatic sea level change is a global effect that 
occurs when the warming of the Earth melts continental ice, causing sea levels to rise, or when 
cooling (or increased precipitation in high latitudes) promotes accumulation of continental ice 
sheets, causing sea levels to fall.  It is important to note that sea level change is not uniform on a 
spatial scale, and several factors (i.e. subsidence and uplift rates) determine the local magnitude 
of eustatic sea level rise.  While consideration of the various scenarios of eustatic sea level rise in 
the future is important, it falls beyond the scope of this dissertation.  Nevertheless, this is a factor 
that needs to be considered in planning for future development, particularly in the lower 
Mississippi River valley. 
 The Mississippi River delta plain experiences a RSLR averaging approximately 9 mm 
annually (Miner et al. 2009), but this value is by no means constant.  Penland and Ramsey (1990) 
argued that the coastal area of Louisiana experiences RSLR rates that are more than five times 
greater than any area in the northern Gulf of Mexico.  Much of the coastal area in Louisiana is 
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located at or near mean sea level, which further exacerbates the impacts of RSLR on the region.  
Rates of RSLR have been estimated as high as 4.3 cm per year for the coastal regions of 
Louisiana (Swanson and Thurlow 1973), but this estimate has decreased as data sets and 
measurement methodologies have improved.  As explained in Section 1.1, the National Oceanic 
and Atmospheric Administration (NOAA) utilizes monthly sea level data to estimate the linear 
trend of RSLR near a particular station.  RSLR is estimated at 9.05 mm y-1 (± 0.46 mm y-1) in 
Grand Isle, Louisiana, and 4.71 mm y-1 (± 1.35 mm y-1) in New Canal, Louisiana (NOAA 
2016a).  Data from a third tidal station (Eugene Island, LA) provide an estimate of 9.65 mm y-1 
(± 1.24 mm y-1); however, this station was removed in 1974 and RSLR estimates were based on 
data from 1939 to 1974 (NOAA 2016a). 
1.1.2 Tropical Cyclones and Storm Surge 
Tropical cyclones form and develop in low-latitude oceans (but more than 10 degrees of 
latitude away from the equator) where the sea surface temperature is ≥ 26.5° C.  In addition to 
the Coriolis effect, which gives a swirling motion to the tropical cyclone storm system, tropical 
cyclones require weak or no vertical shear and a high pressure system aloft for development.  
Damage from hurricanes is usually in the form of high winds, flooding from torrential rains, and 
wind-driven storm surge, with the latter typically being the greatest hazard in the coastal zone. 
Storm surge occurs when the pressure gradient and winds of the tropical cyclone produce 
a small wave that magnifies in height as it encounters decreased depth of the ocean floor when 
approaching land.  This action forces rising waters inland, causing flooding in low-lying areas.  
In the coastal zone, storm surge is generally the most severe threat associated with tropical 
cyclones, even exceeding those of ferocious winds, flooding rains, and tornadoes.  The strength 
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of the cyclone, bathymetry of the continental shelf, shape of the coastline, and height of 
landmass determine the inland extent of dangerous storm surge. 
 The costliest hurricane to impact Louisiana and the U.S. was Hurricane Katrina, which 
accounted for approximately $108 billion in property damage (Blake and Gibney 2011) and over 
1,300 fatalities in an area over 230,000 km2 (Cutter et al. 2006).  Hurricane Katrina was a 
Category 3 hurricane when it made landfall, yet the hurricane’s storm surge heights surpassed 
those of Hurricane Camille, which was a Category 5 hurricane at landfall (Fritz et al. 2008).  
Table 1.2 lists the Louisiana parishes that have sustained the most economic losses from tropical 
storms and hurricanes from 1960 to 2003. 
Table 1.2. Top ten parishes in Louisiana impacted economically by tropical storms and tropical 
cyclones, 1960–2003. (Modified from Cutter et al. 2006) 
Parish Loss (in $ millions) 
St. Mary 177.7 
St. Martin 176.7 
Lafayette 176.6 
Vermilion 167.9 
Acadia 166.8 
Lafourche 162.9 
Terrebonne 162.9 
St. Tammany 162.6 
Tangipahoa 162.5 
Jefferson 161.3 
 
1.1.3 Impact of Climate Change 
Climate change has a direct impact on relative sea level rise and tropical cyclone-induced 
storm surge.  The Intergovernmental Panel on Climate Change (IPCC; 2017) discusses the 
changes in the Atlantic hurricane activity, including the increase in storm surge levels due to 
relative sea level rise, rainfall rates, tropical cyclone intensity, and number of tropical cyclones.  
These increases can be directly attributed to anthropogenic warming (IPCC 2017).  Mann (2017) 
argues anthropogenic warming had a direct impact on the intensity of Hurricane Harvey, which 
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devastated the Gulf Coast region in August 2017.  Examples of this impact include the following 
(Mann 2017): 
• an increase in moisture in the atmosphere which led to increased precipitation due to an  
 
increase in sea surface temperatures, 
 
• an increase in wind speed which led to an increase in wind damage and storm surge  
 
height, and 
 
• a weak prevailing wind due to an expansion of the subtropical high pressure system over  
 
much of the U.S., which caused the Hurricane Harvey to stall over the Houston  
 
area. 
 
1.2 Modeling Methods 
1.2.1 Subsidence and Sea Level Rise Methods 
 The scholarly literature offers several methods of calculating subsidence and sea level 
rise on a regional scale.  Eggleston and Pope (2013) examined the utility of several technical 
approaches to measure relative sea level change in the southern Chesapeake Bay region (Table 
1.3).  Kent and Dokka (2013) demonstrated the practicality of a steady-state subsidence model 
using benchmark data published by the National Geodetic Survey and National Elevation 
Datasets (NED) at a 1/3 arc-second resolution published by the United States Geological Survey 
(USGS).  Kent and Dokka (2013) calculated elevation change using benchmark data and a raster 
produced using the ordinary kriging spatial interpolation method.  Subsidence elevation 
estimates were then calculated by subtracting the vertical change raster from the NED.    
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Table 1.3. Comparison of monitoring techniques for measuring relative sea level rise and 
subsidence.  (Modified from Eggleston and Pope 2013) 
Monitoring 
Method 
Process 
Measured Advantages Disadvantages 
Borehole 
Extensometer Subsidence 
• Precise longitudinal 
measurements  
 
• Lacks spatial coverage 
• Not economically viable  
Tidal Station Relative Sea Level Rise 
• Measures relative sea 
level rise 
• Extensive data set 
depending upon 
station 
• Lacks spatial coverage 
 
Geodetic 
Surveying Subsidence 
• Provides continuous 
records of a given 
location, allowing for 
calculation of 
subsidence or uplift 
• Lacks spatial coverage 
unless coupled with a 
GPS receiver 
• Not economically viable 
Remote 
Sensing Subsidence 
• Wide spatial 
coverage 
• Sensitive to 
environmental processes 
 
1.2.2 Tropical Cyclone and Storm Surge Modeling Methods 
1.2.2.1 Sea, Lake, and Overland Surges from Hurricanes (SLOSH) 
 Sea, Lake, and Overland Surges from Hurricanes (SLOSH) from the National Weather 
Service (NWS) has been used to model storm surge and determine an area’s vulnerability to the 
hazard.  In addition to their steady-state subsidence model, Eggleston and Pope (2013) also used 
the SLOSH model to estimate storm surge depth for each hurricane category.  The SLOSH-
designated Maximum of the Maximum (MOM) grids for two SLOSH model-designated 
hurricane basins that include Louisiana were converted to point data and interpolated into raster 
format.  The subsidence land estimate raster was then subtracted from the SLOSH raster to 
calculate storm surge depth and extent over subsided land. 
1.2.2.2 Hazards U.S. Multi-Hazard (Hazus-MH) 
 Hazards U.S. Multi-Hazard (Hazus-MH) is a geographic information system- (GIS-) 
based Federal Emergency Management Agency- (FEMA-) designed hazard loss estimation tool 
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(Schneider and Schauer 2006).  Currently, Hazus-MH models loss estimates for earthquake, 
hurricane, and flood scenarios.  The program comes equipped with the most current national 
databases for demographic, utility, transportation, and building inventory data (Schneider and 
Schauer 2006).  In addition, Hazus-MH has the flexibility to define and import user-defined 
facilities, which allows the user to perform a site-specific analysis (Cummings et al. 2012).   
 The flood model within Hazus-MH models coastal storm surges, riverine flooding, and 
coastal flooding (Scawthorn et al. 2006).  The riverine flood model utilizes base flood elevation 
surfaces from Hazus Flood Information Tool (FIT) or the US Army Corps of Engineers 
(USACE) Hydraulic Engineering Centers River Analysis System (HEC-RAS).  The flood depth 
for riverine flooding is created by subtracting the base flood elevation from the terrain elevation, 
which creates a user-defined flood depth grid (Nastev and Todorov 2013). 
 The coastal flooding model within Hazus-MH utilizes the 100-year still water elevation 
and the wave height, which is determined using the Wave Height Analysis for Flood Insurance 
Studies (WHAFIS) model.  This allows for the creation of transects that computes wave crest 
elevations for a given area.  Finally, the coastal storm surge model within Hazus-MH integrates 
both SLOSH and Simulating Waves Nearshore (SWAN) models in conjunction with the 
hurricane and flood models to determine the extent of tropical cyclone storm surge in a coastal 
area (Nastev and Todorov 2013).  
 
1.2.3 Storm Surge Monitoring Methods 
 Storm surge can be measured using several techniques and tools.  Table 1.4 provides an 
overview of the different methods for measuring storm surge and includes their advantages and 
disadvantages.  These methods include collecting data using tidal stations, high-water marks 
after the event occurs, and pressure sensors deployed prior to the tropical cyclone event (Table 
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1.4).  NOAA tidal stations provide one of the most reliable methods of measuring storm surge 
since the tidal station only measures still water; however, these stations are fixed and there are 
currently only 175 long-term stations operating in the United States (NOAA 2016b). 
 Identifying high-water marks after a storm occurs is another method of measuring storm 
surge from a tropical cyclone event.  High-water marks are lines left on fixed objects after flood 
waters have receded.  These marks are mapped relative to a vertical reference datum using GPS 
methods.  This method is highly subjective and in most observations includes the impact of 
waves (NOAA 2016b).  
Finally, pressure sensors can be deployed prior to a tropical cyclone event to measure 
storm surge duration and storm surge depth.  This method requires advanced planning since 
these sensors must be deployed in the projected location of the storm.  Pressure sensors allow the 
user some flexibility in where they can be placed.  Like the high-water mark method, the 
pressure sensors also include impact of waves (NOAA 2016b).  
 
Table 1.4. Comparison of monitoring techniques for measuring storm surge. 
Monitoring 
Method 
Process 
Measured Advantages Disadvantages 
Tidal 
Stations 
(NOAA) 
Storm Surge 
• Most reliable 
method 
• Measures still water 
• Limited stations 
• Fixed stations 
High-water 
Marks 
(USGS / 
FEMA) 
Storm Surge 
• Best method for 
obtaining highest 
surge level 
• Subjective 
• Includes impact of waves 
• Perishable 
 
Pressure 
Sensors Storm Surge 
• Mobile and sensors 
can be placed 
anywhere 
• Must be placed in advance 
of storms 
• Measures impact of waves 
• Not economically viable 
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1.3 Study Area 
The study area for this project is a 240-km stretch of the Mississippi River that extends 
north of Baton Rouge, Louisiana, to the area just south of New Orleans -- the LMRIC.  This area 
includes portions of the following parishes: East Baton Rouge, West Baton Rouge, Iberville, 
Ascension, St. James, St. John the Baptist, St. Charles, Jefferson, Orleans, Plaquemines, and St. 
Bernard (Figure 1.1).  The LMRIC is highly urbanized and economically favorable for the 122 
industrial facilities in the corridor.   
 
Figure 1.1. Study area with industrial facility locations in the LMRIC (EPA 2015). 
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1.4 Research Goals 
 The objective of the research is to determine the vulnerability of each of the 122 
industrial facilities located along the LMRIC to present and future natural hazard events and to 
share results and suggestions with government and industrial planners.  The following broad 
research questions will be addressed: 
1) To what extent will predicted changes in climate along with anticipated RSLR and 
storm surge model predictions affect current industrial infrastructures in the LMRIC 
in the next 10, 25, and 50 years? 
2) What are the potential economic impacts of RSLR and tropical cyclones on LMRIC 
industrial facilities in the future, and how can these results aid managers of vulnerable 
facilities in implementing mitigation strategies? 
1.5 Chapter Overviews 
To address the above research questions, the dissertation will be organized into three separate 
studies.  A brief synopsis of the studies follows: 
Chapter 2:  It’s All Downhill from Here: A Forecast of Subsidence Rates in the Lower 
Mississippi River Industrial Corridor 
1a)  Using a cross-validation method, which spatial interpolation method is most accurate 
for modeling subsidence rates and creating predictive surfaces? 
1b)  What are the rates of subsidence in the study area? 
1c)  What effects will future subsidence have on the industrial complexes in the study 
area? 
Subsidence rates in southeastern Louisiana are greater than anywhere else in the United 
States, and the impact of subsidence rates on industrial complexes has not been studied 
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comprehensively using the latest techniques. Spatial interpolation methods were analyzed to 
determine the best fit for subsidence rates and to create a predictive surface for the LMRIC. 
Empirical Bayesian kriging, ordinary kriging, universal kriging, and inverse distance weighted 
interpolation methods were applied to the 2004 National Oceanic and Atmospheric 
Administration (NOAA) published Technical Report #50 dataset, and cross-validation methods 
were utilized to determine the accuracy of each method. The mean error and root mean square 
error were calculated for each interpolation method and were then used to detect bias and 
compare the predicted value with the actual observation value. Cross-validation estimates are 
comparable for each method statistically and visually; however, the results indicate the empirical 
Bayesian kriging interpolation method is the most accurate of the methods using the lowest mean 
error and root mean square error scores. Digital elevation models for the years 2025, 2050, and 
2075 were developed based on the predictive surface of subsidence rates using the results from 
the empirical Bayesian kriging interpolation method. Results indicate that by 2025, 31.4% of 
landmass in the LMRIC will be below 0 m NAVD88, with 40.4% below 0 m NAVD88 by 2050, 
and 51.8% by 2075. Subsidence rates in the LMRIC range from approximately 16 mm to less 
than one mm per year. Nine of the 122 industrial complexes located in the LMRIC are estimated 
to be below 0 m NAVD88 by the year 2075.   
Chapter 3:  The Ups and Downs of Coastal Louisiana: An Examination of RSLR and Tropical 
Cyclone-induced Storm Surge in the Lower Mississippi River Industrial Corridor 
2a)  What is the role of storm surge in the LMRIC? 
2b)  What is the economic impact of tropical cyclone storm surge on the industrial 
facilities in the LMRIC? 
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Subsidence is a perpetual coastal and geological process which amplifies the impacts of 
RSLR, flooding, and erosion in coastal ecosystems. The structure of state and federal coastal 
management laws plays a significant role in how vulnerable coastal communities respond 
proactively to sea level rise and subsidence. While mitigation plans have become more common 
in communities throughout Louisiana following Hurricane Katrina, the impacts of RSLR on 
tropical cyclone storm surge are not always addressed in these plans. However, the Louisiana 
state mitigation plan utilizes various modelling methods to predict future potential economic 
losses caused by sea level rise and subsidence, in conjunction with additional coastal loss 
predictions from the Louisiana Coastal Protection and Restoration Authority’s Coastal Master 
Plan. This study builds on the efforts of Louisiana’s hazard mitigation plan by quantifying the 
increase in damage to industrial complexes within the LMRIC from increased tropical cyclone 
storm surge inundation due to RSLR. FEMA’s Hazus-MH software was used to conduct a 
reanalysis of Hurricanes Katrina, Rita, and Gustav for present-day sea level, as well as for the 
10-, 25-, and 50-year RSLR projections. New Canal and Grand Isle tidal station data were used 
to calculate sea level rise projections, and rates of vertical displacement acquired from NOAA’s 
Technical Report 50 were used to calculate subsidence rates.  
Chapter 4:  Modification of the Priority Risk Index: Adapting to Emergency Management 
Accreditation Program Standards for Institutes of Higher Learning Hazard Mitigation Plans 
The Priority Risk Index (PRI) (CSCD 2017) is increasingly used as a methodology for 
quantifying jurisdictional risk for hazard mitigation planning purposes, and it can evolve to meet 
specific community needs.  The index incorporates probability, impact, spatial extent, warning 
time, and duration when assessing each hazard, but it does not explicitly integrate a vulnerability 
and consequence analysis into its final scoring.  To address this gap, a new index was developed 
16 
 
– the Enhanced Priority Risk Index (EPRI).  The new index adds a sixth category, vulnerability, 
calculated from a vulnerability and consequence analysis of the impacts on seven sectors 
identified in Standard 4.1.2 of the Emergency Management Accreditation Program.  To obtain a 
vulnerability score, impacts are ranked by sector from Low (1) to Very High (4), then a 
weighting factor is applied to each sector.  The vulnerability score is added to the EPRI and 
provides risk levels based on the number of exploitable weaknesses and countermeasures 
identified within a specific jurisdiction.  The vulnerability score and resulting EPRI is scalable 
and can be applied across jurisdictions, providing a transferable methodology that improves the 
hazard identification and risk assessment process and provides an approach for meeting 
Emergency Management Accreditation Program accreditation standards.  
Chapter 5:  Application of the Enhanced Priority Risk Index for the Tropical Cyclone Hazard in 
the Existing East Baton Rouge Parish Hazard Mitigation Plan 
The PRI and EPRI matrices were applied to the current tropical cyclone risk assessment 
analysis contained within the current East Baton Rouge Parish Hazard Mitigation Plan, and the 
results were compared.  The EPRI results were comparable to the PRI; however, the addition of 
the vulnerability multiplier provides planners with an additional tool for quantifying risk to 
industrial complexes and other sectors within their jurisdiction (i.e., public; responders; 
continuity of operations including continued delivery of services; property, facilities and 
infrastructure; the environment; the economic condition of the jurisdiction; and public 
confidence in the jurisdiction’s governance).  This holistic approach provides a standardized 
measurement of risk that is functional across all jurisdictions and scale-independent which 
strengthens the hazard mitigation process. 
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Chapter 2. It’s All Downhill from Here: A Forecast of Subsidence Rates in the Lower 
Mississippi River Industrial Corridor 
2.1 Introduction 
Subsidence is the downward settling of the surface of the Earth relative to a datum or a 
reference point (Shinkle and Dokka 2004). While subsidence is considered one of the main 
reasons for land loss in Louisiana, U.S.A. (Morton and Bernier 2010), subsidence rates are 
largely unknown because traditional methods of measuring vertical displacement in Louisiana 
are inefficient and lead to inaccurate results (Eggleston and Pope 2013). United States 
Geological Survey (USGS) benchmarks, which are traditionally the best available measurement 
of displacement, are ineffective in Louisiana since they are in a continual state of movement that 
further exacerbates measurement errors and prevents the accurate measurement of vertical 
displacement (NOAA 1998). This led researchers to utilize several different methods to calculate 
subsidence rates in Louisiana, including methods based on numerical modeling (Meckel 2008), 
geodetic surveys (Shinkle and Dokka 2004), remote sensing (Chamundeeswari et al. 2008; 
Dixon et al. 2006; Kim et al. 2015; Kircher et al. 2003), and tidal station data (Penland and 
Ramsey 1990). Zou et al. (2016) noted that very few studies have focused on the creation of 
current interpolated surfaces and future predictive surfaces of subsidence rates in Louisiana. 
Each of these methods has advantages and disadvantages (Eggleston and Pope 2013). Moreover, 
no study has identified industrial complexes along the Mississippi River that may be affected by 
subsidence rates in the near and long-term.  
 Kent and Dokka (2013) and Zou et al. (2016) created a predictive surface of subsidence 
rates for coastal Louisiana using different kriging interpolation methods. Kent and Dokka (2013) 
used the ordinary kriging interpolation method and adapted these surfaces to develop subsidence-
adjusted digital elevation models (DEMs) for coastal Louisiana. Zou et al. (2016) utilized 
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empirical Bayesian kriging (EBK) for predicting future land areas below sea level. These studies 
provide effective methodologies for forecasting subsidence in Louisiana. However, an in-depth 
analysis of these and other methodologies provides further substantiation for the modeled 
predictive surfaces, especially because the extensive industrial infrastructure along the lower 
Mississippi River demands closer examination and assessment of the subsidence hazard in light 
of impending sea level rise (Miner et al. 2009), increased storm surges (Smith et al. 2010), and 
likely increases in the frequency and magnitude of heavy precipitation events in the southeastern 
United States (IPCC 2017). Subsidence rates in southeastern Louisiana are higher than anywhere 
else in the United States, and the impact of subsidence rates on industrial complexes has not been 
studied. Spatial interpolation methods were analyzed to determine the best fit for subsidence 
rates and to create a predictive surface for the lower Mississippi River industrial corridor 
(LMRIC) and answer the following research questions:  
1) Using a cross-validation method, which spatial interpolation method is most appropriate 
and accurate for modeling subsidence rates and creating predictive surfaces? 
2) What are the rates of subsidence in the study area? 
3) What effects will future subsidence have on the industrial complexes in the study area? 
2.2 Study Area 
The LMRIC is the stretch of the Mississippi River connecting Baton Rouge to the Gulf of 
Mexico, that is composed of 122 industrial complexes directly and indirectly in the oil and gas 
industry (Figure 2.1) (Sternberg 2013). This industry employs over 64,000 people in Louisiana 
and has a $73.8 billion total direct and indirect impact on the state (Scott 2014). The second-,  
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Figure 2.1. LMRIC in relation to major cities in southeast Louisiana. 
third-, and fifth-largest refineries in the United States are located within the LMRIC, accounting 
for production of over three million barrels of crude oil per day (Scott 2014). As experienced 
from past geohazard incidents (including Hurricanes Katrina and Rita of 2005), disruption of 
these complexes have devastating consequences not only at the state and regional levels, but also 
at the national level. 
The coastal area of Louisiana is a dynamic system developed from the meandering of the 
lower Mississippi River over several millennia (Kolb 1963). As the Mississippi River migrated 
back and forth over southern Louisiana, it deposited delta lobes that deteriorated over time, 
producing barrier islands and marshes (Coleman 1988; Frazier 1967; McBride et al. 2007; 
Roberts 1997). This natural process was interrupted shortly after the Great Flood of 1927 when 
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the levee system was completed to prevent flooding and protect the growing city of New 
Orleans. This prevented the natural movement of the river and reduced the capability of the river 
to deliver sediment deposits from river migration and riverine flooding events (Sparks 1992). 
The rates of subsidence in the LMRIC are exacerbated by these mitigation actions. Areas that 
normally flooded are now deprived of water, causing the organic matter to decompose without 
being replaced, thus eliminating the natural land-building process.      
2.3 Materials and Methods  
2.3.1 Data Sources 
Industrial complex locations were obtained from the Environmental Protection Agency’s 
(EPA) Toxic Release Inventory (TRI) program (EPA 2016). The TRI program is a publicly 
available data set that contains the locations of all complexes within the United States producing 
and/or emitting toxic chemicals that may pose a threat to the environment and humans. The 
industry sectors covered by the TRI program are industrial manufacturing, chemical 
manufacturing, hazardous waste treatment, metal mining, and electric power generation. The 
locations of the 122 industrial complexes located within the LMRIC are shown in Figure 2.2. 
Technical Report #50 (TR50) is a geodetic study of vertical displacement that utilizes 
first-order leveling data in conjunction with tidal gauge data and GPS observations to compute 
the vertical velocities of over 2,600 National Geodetic Survey (NGS) benchmarks in Louisiana, 
Mississippi, Texas, and Alabama (Shinkle and Dokka 2004). TR50 has been used as the standard 
vertical displacement report for southern Louisiana in multiple studies in the past decade (e.g., 
Ivins et al. 2007; Kent and Dokka 2013; Zou et al. 2016). To develop rates found in TR50, 
Shinkle and Dokka (2004) utilized first-order geodetic leveling survey data from 1920 to 1995 
that were normalized using National Ocean Service tidal gauge data, and annual subsidence rates  
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Figure 2.2. Industrial complex locations in the LMRIC. 
at a given point were then calculated from the normalized data. The LMRIC contains 288 of the 
2,658 geodetic survey points (Figure 2.3). 
A National Elevation Dataset (NED) at 1/9 arc-second (3 m2) updated in 2011 was 
obtained from USGS. The NED is a USGS elevation product that contains raster elevation data 
for the United States and its territories. The 1/9 arc-second data are derived from LiDAR and 
other high-resolution data sources, allowing for the detailed study of localized areas. This dataset 
provided the base elevation of the study area. The North American Vertical Datum of 1988 
(NAVD88) is a highly accurate vertical reference for the NED dataset created using satellite 
technology and geodetic leveling surveying techniques. While mean sea level can approach 0 m 
NAVD88, this is not always the case since the NAVD88 datum is only referenced to the  
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Figure 2.3. TR50 measurement locations in the LMRIC. 
International Great Lakes Datum of 1986 local mean sea level height value at Father Point in 
Romouski, Quebec, Canada. 
2.3.2 Interpolation Methodologies 
A variety of interpolation methods are considered to estimate variables in locations where 
data were not recorded. However, each method varies in accuracy relative to others, often from 
place to place and time to time, making the selection of the most appropriate method difficult but 
important.  The performance of EBK, ordinary kriging (OK), universal kriging (UK), and inverse 
distance weighted (IDW) interpolation methods are compared using the TR50 data. All kriging 
methods (EBK, OK, and UK) are considered geostatistical techniques since they rely on both 
statistical and mathematical methods, while the interpolation method of IDW is a deterministic 
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method that creates a predictive surface based on the extent of similarity between the points 
(Lam 1983). Each of the four methods were used to create interpolated surfaces using subsidence 
rates from TR50 geodetic survey records and are described in subsequent sections. 
2.3.3 Inverse Distance Weighted Interpolation Method 
The IDW interpolation method (Equation 2.1) assumes values closer together spatially 
are more similar than those farther from each other, following a linear trend (Jang et al. 2015). 
Thus, results are influenced by the spacing and density of the observed values, requiring caution 
in the interpretation of results. IDW can also be inaccurate in cases where the predicted value is 
higher than the highest observed data point, or lower than the lowest observed data point (Bashir 
and Fouli 2015). This is due to the computation of the average value for a predicted point in 
IDW, as such:  
?̂?𝑍(𝑠𝑠0) =
∑ 1𝑑𝑑𝑖𝑖
𝑍𝑍(𝑠𝑠𝑖𝑖)𝑛𝑛𝑖𝑖=1
∑ 1𝑑𝑑𝑖𝑖
𝑛𝑛
𝑖𝑖=1
 (2.1)  
where ?̂?𝑍(𝑠𝑠0)is the predicted value, 𝑍𝑍(𝑠𝑠𝑖𝑖) is the measured value at the ith location, 𝑛𝑛 is number of 
measured locations, and 𝑑𝑑𝑖𝑖 is the distance from the 𝑛𝑛 data points to the point estimated 𝑛𝑛. 
2.3.4 Kriging Interpolation Methods 
Kriging is an advanced geostatistical method similar to IDW in that they both use a linear 
combination of weights at observed points to estimate predicted values (Luo et al. 2008). Kriging 
differs from IDW in its inclusion of a variogram to estimate the error or random component. 
Thus, kriging is a stochastic rather than deterministic model. Several varieties of kriging have 
been developed, but the most popular are EBK, OK, and UK. The fundamental equation 
underlying kriging interpolation methods is   
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?̂?𝑍(𝑠𝑠0) = �𝜆𝜆𝑖𝑖𝑍𝑍(𝑠𝑠𝑖𝑖)
𝑁𝑁
𝑖𝑖=1
 (2.2) 
where ?̂?𝑍(𝑠𝑠0) is the predicted value, 𝑠𝑠0 is the prediction location,  𝑍𝑍(𝑠𝑠𝑖𝑖) is the measured value at 
the ith location, 𝜆𝜆𝑖𝑖 represents the unknown weight for the measured value at the ith location, and 
𝑁𝑁 is number of measured locations. 
OK assumes there is no trend; or stated another way, that a constant mean exists for the 
data, as suggested by: 
𝑍𝑍(𝑠𝑠) =  𝜇𝜇 +  𝜖𝜖(𝑠𝑠) (2.3) 
where 𝑍𝑍(𝑠𝑠) is the variable of interest, 𝑠𝑠 is the surface coordinates (x,y),  𝜇𝜇 is an unknown 
constant, and 𝜖𝜖(𝑠𝑠) is the random, autocorrelated error. 
Unlike IDW, in which the weight (𝜆𝜆𝑖𝑖) depends only on the distance to the prediction 
location, the weight in OK takes into account the spatial relationships between the measured 
values, the distance of the prediction location, and the fitted model to the measured points (ESRI 
2016). OK produces unbiased estimates through optimal weights that minimize estimation error. 
Zimmerman et al. (1999) provided a comprehensive assessment of the UK interpolation method. 
Unlike OK, UK assumes that a constant trend exists, as suggested by: 
𝑍𝑍(𝑠𝑠) =  𝜇𝜇(𝑠𝑠) +  𝜖𝜖(𝑠𝑠) (2.4) 
where 𝑍𝑍(𝑠𝑠) is the variable of interest, 𝑠𝑠 is the surface coordinates (x,y), 𝜇𝜇(𝑠𝑠) is the trend, and 
𝜖𝜖(𝑠𝑠) is the random, autocorrelated error.  This trend is calculated using a regression model 
during the kriging process that is refitted to the model and is included in calculation of the 
predicted values. 
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EBK uses an intrinsic model which differs from other kriging methods. EBK utilizes 
estimation and several local semivariogram models to account for the estimation error introduced 
in a single global semivariogram model. EBK creates multiple local semivariograms that are then 
combined into a final predictive surface of the entire modeled area. This method better accounts 
for local variability and is ideal for most scenarios; however, in situations where little to no data 
exists over large sections of the modeled area, a local semivariogram may not be created in some 
places, resulting in no interpolated predictions for those areas. Prediction is completed by 1) 
estimating a semivariogram using the data, 2) simulating a new value at each of the data 
locations using the original semivariogram, 3) estimating a new semivariogram model from the 
simulated values, 4) assigning a weight to the semivariogram using Bayes’ rule, and 5) repeating 
steps 2 through 4 to create a spectrum of semivariograms that are used to generate a predictive 
surface (Krivoruchko 2012). Bayes’ rule uses prior knowledge of the conditions that may be 
associated with an event to describe the probability of an event, and is expressed as: 
 
𝑊𝑊(𝜃𝜃𝜃𝜃|𝑍𝑍) = 𝑓𝑓(𝑍𝑍|𝜃𝜃𝜃𝜃) ×  𝑃𝑃(𝜃𝜃𝜃𝜃) (2.5) 
where 𝜃𝜃𝜃𝜃 is the ith set of semivariogram parameters nugget, sill, and range; 𝑊𝑊(𝜃𝜃𝜃𝜃|𝑍𝑍)is the 
weight for the ith semivariogram; 𝑓𝑓(𝑍𝑍|𝜃𝜃𝜃𝜃) evaluates the likelihood the observed data can be 
generated from the semivariogram; and 𝑃𝑃(𝜃𝜃𝜃𝜃) stands for the probability of the ith set of 
parameters 𝜃𝜃𝜃𝜃 among the simulated semivariogram spectrum.  
2.3.5 Cross-Validation Methodology 
Cross-validation techniques (i.e., leave one out cross-validation (LOOCV)) are used to 
assess the performance of each interpolation method (Luo et al. 2008). This bootstrapping 
process involves removing each observation from the model and estimating the value using the 
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remaining observations. The mean error (ME) and the root mean square error (RMSE) are then 
calculated for each interpolation, with the ME used to detect bias and the RMSE used to compare 
the predicted value with the observation value. ME and RMSE are represented mathematically 
as: 
𝑀𝑀𝑀𝑀 =  
1
𝑁𝑁
�[
𝑁𝑁
𝑖𝑖=1
?̂?𝑧(𝑠𝑠𝑖𝑖) − 𝑧𝑧(𝑠𝑠𝑖𝑖)] (2.6) 
and  
𝑅𝑅𝑀𝑀𝑅𝑅𝑀𝑀 =  �
1
𝑁𝑁
�[?̂?𝑧(𝑠𝑠𝑖𝑖) − 𝑧𝑧(𝑠𝑠𝑖𝑖)]2
𝑁𝑁
𝑖𝑖=1
 (2.7) 
where ?̂?𝑧(𝑠𝑠𝑖𝑖) and 𝑧𝑧(𝑠𝑠𝑖𝑖) are the predicted and observed values at location 𝑠𝑠𝑖𝑖, and 𝑁𝑁 is the number 
of locations in the dataset. 
A ME of zero indicates that no bias exists in the predicted value, while low RMSE values 
indicate a better fit. To further validate the projected optimal model, a change detection analysis 
was performed to determine the geographic areas where the most change had occurred between 
models. Estimates of variance (standard error) surfaces were then created for the four 
interpolation methods, so that a level of accuracy could be provided across the four predicted 
surfaces.       
2.3.6 Digital Elevation Models 
After an optimal interpolation method was chosen, subsidence-projected DEMs for 2025, 
2050, and 2075 were produced using the annual subsidence rates from the TR50 and the current 
(2011) 1/9 arc-second DEM. Subsidence rates at each TRI location were extrapolated from the 
DEMs, and TRI locations below 0 m NAVD88 were identified. These results were used to 1) 
broadly determine future areas below 0 m NAVD88, and 2) specifically identify industrial 
complexes below 0 m NAVD88.  
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2.4 Results 
Predictive surfaces using IDW, OK, UK, and EBK methods were created for the LMRIC 
using the TR50 data. For EBK, the “bird’s foot” area of the study lacked TR50 measurements, so 
no local semivariograms were modeled in this area. This resulted in the area being excluded from 
the global model. The LMRIC results for each model suggest that predictive surface subsidence 
rates for the LMRIC for all interpolation methods range from 16 mm y-1 to less than one mm y-1 
(Figure 2.4), and that each interpolation method depicts areas with subsidence rates within the 
LMRIC that exceed 16 mm y-1. These areas are located mainly within the far southeastern area 
of the LMRIC for all models. Rates vary slightly throughout most of the LMRIC, depending on 
the method examined. IDW and OK provide a smoothing effect, while EBK and UK detected 
stronger spatial variations in subsidence rates. 
For validation of each interpolation model, the ME and RMSE were calculated to 
determine the accuracy of each interpolation method (Table 2.1). Both the ME and RMSE are 
comparable for each interpolation method. However, EBK has slightly lower ME and RMSE 
scores than IDW, OK, and UK. Based on ME and RMSE, the EBK interpolation model was 
selected as the preferred method.  
A change detection for the subsidence rates was performed to further validate the EBK 
interpolation method and to identify areas where the most change occurred for the EBK by 
comparing the differences between IDW, OK, and UK. Figure 2.5 shows that the main areas of 
change are located in the southeastern section of the LMRIC with few areas within the LMRIC 
exceeding three mm y-1. Estimates of variance (standard error) surfaces were also created for the 
EBK interpolation method, so that a level of accuracy is provided across the predicted surface 
(Figure 2.6). 
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Figure 2.4. Predictive surface results of annual subsidence rates for the LMRIC: (a) IDW, (b) 
OK, (c) UK, and (d) EBK. The histogram shows the total area (pixel count) plotted within each 
subsidence rate classification. 
Table 2.1. Statistics for each interpolation method model. 
Interpolation Method Mean Error (ME) 
Root Mean Square Error 
(RMSE) 
IDW –0.041 3.543 
OK –0.029 3.507 
UK –0.028 3.495 
EBK 0.014 3.290 
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Figure 2.5. Change detection analysis for each interpolation method with the EBK interpolation 
method predictive surface: (a) EBK vs. IDW, (b) EBK vs. OK, and (c) EBK vs. UK. 
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Figure 2.6. Estimates of variance of the predictive surface for (a) EBK, (b) OK, and (c) UK 
interpolation methods. 
Using the EBK results, a DEM was created for the LMRIC. Future elevations for 2025, 
2050, and 2075 were created using this DEM (Figure 2.7). Each new DEM assumes that the only 
influence on the area is subsidence, and that annual subsidence rates remain constant. No areas 
within the LMRIC were below 0 m NAVD88 in 2011 based on the 1/9 arc-second DEM. The 
2025 DEM results using the EBK predicted interpolation surface indicates that 31.4% of the 
LMRIC will be below 0 m NAVD88 if current subsidence rates remain constant. By 2050, 
approximately 40.4% of the LMRIC is predicted to be below 0 m NAVD88, and 51.8% of the 
area is projected to be below 0 m NAVD88 by 2075.   
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Figure 2.7. Modeled areas below 0 m NAVD88 in the LMRIC using DEMs based on the EBK 
interpolation method-derived predictive surfaces, for (a) 2025, (b) 2050, and (c) 2075. 
 Industrial complexes below 0 m NAVD88 were identified using each DEM created for 
2025, 2050, and 2075. Figure 2.8 shows the locations of the industrial complexes predicted to be 
located below 0 m NAVD88 by 2025. Six industrial complexes in the LMRIC are predicted to be 
below 0 m NAVD88 by 2025, seven by 2050, and nine by 2075. 
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Figure 2.8. Industrial complexes in the LMRIC predicted to be located below 0 m NAVD88 for 
2025, 2050, and 2075. 
2.5 Discussion 
The EBK interpolation method was determined to be the most effective method of 
creating a predictive surface of subsidence rates because it had the lowest RMSE score when 
compared to IDW, OK, and UK, and resulted in the ME score closest to zero – an indication that 
the predicted values were closest to the true values with little variability across the interpolated 
surface.  Additionally, estimates of variance (prediction standard errors) were lower throughout 
the majority of the LMRIC; however, UK did produce lower estimates of variance in certain 
areas (Figure 2.6). These include areas primarily in the northern end of the LMRIC near Baton 
Rouge, and areas along the edge of the LMRIC south of New Orleans. Finally, 15 high-error  
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Figure 2.9. TR50 measurement locations within the LMRIC which displays large error 
measurement locations and distribution of measurement locations. 
stations were identified in the OK, UK, and EBK models, with five sites reporting high error 
(greater than one standard deviation) across all models (Figure 2.9). 
Results suggest future changes in elevation in the LMRIC, with over 50% of the LMRIC 
predicted to be below 0 m NAVD88 by 2075. Approximately 30% of the LMRIC is predicted to 
be below 0 m NAVD88 by 2025 and over 40% by 2050. Despite these changes in elevation, only 
six (4.9%) of the 122 industrial complexes in the LMRIC are predicted to be below 0 m 
NAVD88 by the year 2025 with seven (5.7%) predicted to be below 0 m NAVD88 by 2050, and 
nine (7.4%) are predicted to be below 0 m NAVD88 by 2075.   
The southeastern section of the LMRIC is predicted to be the hardest-hit within the study 
area, by far. The section of the LMRIC south of New Orleans is exposed on three sides, not only 
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to intense tropical cyclones, but to the everyday effects of erosion and non-accretion. These daily 
effects can be even more substantial than extreme events (Jones 2014). Other factors contributing 
to the extra land loss in this area beyond that which was already described for the study area as a 
whole include erosion from tropical cyclone-induced storm surge, waves, and tidal actions. The 
loss of this delta and surrounding coastal marsh parallels ongoing disappearance of many other 
low-lying coastal delta marshes around the world amid sea level rise and subsidence. 
Collectively, results demonstrate that the magnitude and impact of subsidence in the LMRIC 
are both high, but the threat varies from site to site. While trending to an overall increasing 
threat, the threat of subsidence on industrial complexes has yet to reach the proper level of 
concern. It is imperative that each industrial complex plan for mitigating the hazard with 
consideration that the hazard also threatens the area around the site, since major transportation 
corridors could be impacted that would have the potential to reduce access to the site.     
It is important to note that all predictive surface models created using IDW, OK, UK, and 
EBK assume subsidence rates are constant and that no force other than subsidence is acting 
within the LMRIC. This assumption is tenuous, because it is well-known that subsidence rates 
follow an exponential decay curve function (Morton et al. 2002); the assumption here is most 
valid if it can be assumed that development, especially along the Mississippi River, has been 
occurring for a sufficiently long period to be able to assume a constant rate. Development types 
and rates have changed over the course of human history in the LMRIC; however, 
industrialization of the corridor from the mid-century to now is expected to at least continue or 
be maintained over the next ~50 years. The impact of diversion canals on marsh development 
and sediment accretion along the LMRIC, especially the areas south of New Orleans, is not yet 
fully understood. If, as predicted by Louisiana’s Coastal Master Plan developed by Coastal 
39 
 
Protection and Restoration Authority (CPRA 2012), diversion canals are successful in rebuilding 
marshland, accreting sediment, and halting the advance of saltwater intrusion, then future 
subsidence rates may not be as high and may even reach equilibrium in some locations (e.g., 
Shaffer et al. 2016), reducing the potential impact on the LMRIC. Additionally, subsidence-
derived DEMs were created using the 2011 1/9 arc-second DEM as the base elevation; however, 
it must be mentioned that some industrial complexes may have implemented mitigation actions 
such as installing piling and underpinning or building up the industrial complex area, which 
would not be detected in the base elevation DEM.        
Newer technologies for monitoring subsidence may produce more accurate and precise rate 
data in the future. General subsidence rate estimates over broad areas of south Louisiana are 
documented in reports such as the Coastal Master Plan (CPRA 2012), which indicates ranges of 
zero to 35 mm y-1 for 17 sites in Louisiana. These coastal regions are assigned a range of 
plausible subsidence rates based on the recommendations of an expert panel. The TR50 dataset 
provided site-specific annual subsidence rates for over 280 discrete locations within the LMRIC, 
making the TR50 dataset the most comprehensive dataset publicly available for the region, and 
currently the most accurate. 
The LMRIC is an area protected by a collection of levees, dams, flood gates, and pump 
houses. Understanding how each of these flood control devices impacts subsidence rates in the 
LMRIC on a local scale will be essential in future planning efforts designed to mitigate future 
subsidence in the area. Improving subsidence estimation methods in areas with known flood 
control devices and creating methodologies to account for these devices will aid in our 
understanding of the vertical displacement that may be occurring on a larger scale.  
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2.6 Conclusion 
Interpolation methods were examined in creating a predictive surface of subsidence rates in 
the LMRIC. Of the many interpolation methods available, The IDW, OK, UK, and EBK were 
selected based on previous research in the area and because they are readily available to 
researchers within the geostatistical tool of ArcGIS. Conclusions from this research include that: 
1) EBK is the spatial interpolation method that is the most appropriate and accurate for 
modeling subsidence rates and creating predictive surfaces within the LMRIC. Both the 
ME and RMSE values indicate that each method is accurate and comparable to each 
other, but IDW, OK, and UK have a smoothing effect that exclude some subtle changes 
in the predicted subsidence rates. EBK produced the lowest ME and RMSE scores. 
2) Subsidence has the potential to impact the LMRIC drastically over time. Approximately 
31% of the LMRIC is projected to be below 0 m NAVD88 by 2025 and over 50% by the 
year 2075.  
3) Most industrial complexes are built on higher ground along the banks of the Mississippi 
River. However, without future elevation of facilities, six of the 122 complexes located in 
the LMRIC are predicted to be below 0 m NAVD88 by 2025, seven below 0 m NAVD88 
by 2050, and nine below 0 m NAVD88 by 2075. 
Future research should focus on identifying, compiling, and analyzing flood control devices 
(i.e., levees, dams, flood gates, pump houses) to understand the potential impact of these 
structures on subsidence rates in the LMRIC. Similarly, it is necessary to determine how coastal 
restoration programs may aid in mitigating subsidence in the study area. Both issues have the 
potential to impact subsidence directly in the study area, so it is vital to understand how each will 
change projected subsidence rates in the future. 
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Chapter 3. The Ups and Downs of Coastal Louisiana: A Simulation of Relative Sea 
Level Rise and Tropical Cyclone Induced Storm Surge in the Lower Mississippi River 
Industrial Corridor 
3.1 Introduction 
 State and federal management laws play a significant role in the vulnerability of coastal 
communities to sea level rise and subsidence.  Subsidence is a perpetual coastal and geological 
process amplified by the impacts of eustatic sea level rise, flooding, and erosion in coastal 
ecosystems (Stanley and Clemente 2017).  The combination of eustatic sea level rise and local 
subsidence is defined as relative sea level rise (RSLR; Rovere et al. 2016).  Meteorological 
events, such as tropical cyclones, further intensify the impacts of RSLR (Khouakhi and Villarini 
2017).  While hazard mitigation planning has become more common in communities throughout 
Louisiana following Hurricane Katrina, the impacts of RSLR on tropical cyclone storm surge are 
not always addressed.  However, the state of Louisiana Hazard Mitigation Plan (Friedland et al. 
2014) and the Louisiana Coastal Protection and Restoration Authority’s Coastal Master Plan 
(CPRA 2012) have laid the groundwork for various modeling methods to predict future potential 
economic losses caused by RSLR.   
 The coastal areas of Louisiana have experienced significant destruction in recent years 
because of tropical cyclone events (Roth 2010).  Tropical cyclones impact the Louisiana Gulf 
Coast due to a combination of atmospheric patterns and the Coriolis effect (Morton and Barras 
2011).  The costliest tropical natural disaster and currently third ranked most intense tropical 
cyclone to ever make landfall in the United States is Hurricane Katrina in 2005 (Blake 2011).  
The fourth most intense Atlantic hurricane to make landfall followed was Hurricane which made 
landfall shortly after Hurricane Katrina (Blake 2011).  Following the intense 2005 United States 
hurricane season, it was found that the open water area of coastal Louisiana increased by 
approximately 562 km2 (FitzGerald et al. 2007; Glick et al. 2013).  In 2008, Louisiana was 
46 
 
impacted by Hurricane Gustav, which was the second most destructive storm of the 2008 
Atlantic hurricane season (Blake 2011).  While Hurricane Gustav was far less severe than 
Hurricanes Katrina and Rita, it did have a devastating storm surge, with heights approximately 8 
m (Blake 2011).  Each of these storms had a significant impact on coastal Louisiana, and they 
served as the baseline events for determining how RSLR could influence future events.   
Sea level trend estimates in Louisiana vary depending on the National Oceanic and 
Atmospheric Administration (NOAA) tidal gauge used to estimate the trend (NOAA 2016).  
Currently, there are two active tidal gauges used to estimate sea level trends in coastal Louisiana: 
Grand Isle, LA (8761724) and New Canal, LA (8761927) (Table 3.1 and Figure 3.1).  A third 
station in Eugen Island, LA (8764311) was deactivated in 1974.  These sea level trends and 
subsidence estimates created from the methodology found in Chapter 2 of this dissertation for 
10-, 25-, and 50-years were used to determine the impact of storm surge from historical storms 
(Katrina, Rita, and Gustav) on coastal Louisiana and to answer the following research questions:  
1) What impact will RSLR have on modeled historical hurricane storm surge for 10-,25-, 
and 50-year time periods? 
2) What effects will future RSLR have on the industrial complexes in the study area?   
Table 3.1. NOAA tidal stations located in Louisiana with projected sea level rise estimates. 
Station ID Location Data Availability Sea Level Rise Projection 
8761724 Grand Isle, LA 1947 - Present 9.08 mm yr-1 
8761927 New Canal, LA 1982 – Present 5.31 mm yr-1 
8764311 Eugene Island, LA 1939 – 1947 9.65 mm yr-1 
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Figure 3.1. Active NOAA tidal gauge locations in the state of Louisiana. 
3.2 Data and Methods 
3.3.1 Data Sources 
 Sea level trends were obtained from NOAA’s Tides and Currents Sea Level Trends 
website (NOAA 2016).  The Center for Operational Oceanographic Products and Services has 
been collecting sea level data for approximately 150 years using tide stations contained within 
the National Water Level Observation Network (NOAA 2016).  The estimates of sea level rise 
for Grand Isle, LA and New Canal, LA were used as a base measurement for sea level rise in the 
areas of Louisiana and to calculate sea level rise projections for 10, 25, and 50 years from the 
year 2010. 
48 
 
Technical Report #50 (TR50) is a geodetic study of vertical displacement that utilizes 
first-order leveling data in conjunction with tidal gauge data and GPS observations to compute 
the vertical velocities of over 2,600 National Geodetic Survey (NGS) benchmarks in Louisiana, 
Mississippi, Texas, and Alabama (Shinkle and Dokka 2004). TR50 has been used as the standard 
vertical displacement report for southern Louisiana in multiple studies in the past decade (e.g., 
Ivins et al. 2007; Kent and Dokka 2013; Zou et al. 2016). To develop rates found in TR50, 
Shinkle and Dokka (2004) utilized first-order geodetic leveling survey data from 1920 to 1995 
that were normalized using National Ocean Service tidal gauge data, and annual subsidence rates 
at a given point were then calculated from the normalized data.  
3.3.2 Hazus 
Hazus is a natural hazards loss estimation tool developed by the Federal Emergency 
Management Agency (FEMA) which is used in conjunction with Environmental Systems 
Research Institute’s (Esri’s) ArcGIS suite (Scawthorn et al. 2006).  Hazus measures losses from 
earthquakes, hurricanes, and floods while also allowing the user to visualize the areas impacted 
by the natural hazard at the census block or census tract level (Schneider and Schauer 2006).  An 
analysis of the original events for Hurricanes Katrina, Rita, and Gustav was completed to provide 
a baseline of storm surge levels.  A reanalysis of these hurricanes was completed using the 10-, 
25-, and 50-year sea level rise projections from both the New Canal and Grand Isle tidal stations, 
and the newly-derived digital elevation models created in Chapter 2.  Estimates for the original 
event were then compared to the 10-, 25-, and 50-year storm surge extent models from Hazus to 
determine how storm surge extent and depth change over time when influenced by RSLR.  
Finally, industrial complexes located within the LMRIC were evaluated with the newly-
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developed storm surge models to determine how they could be potentially impacted by RSLR 
10-, 25-, and 50-years from now.   
 3.3 Results 
Sea level rise projections were created for the models using the rate of sea level rise 
reported for each tidal station location (Table 3.2).  The New Canal tidal station has a rate of sea 
level rise calculated at 0.005 m yr-1 and estimates of total sea level rise are 0.053 m over 10-
years, 0.133 m over 25-years, and 0.266 m over 50-years.  The Grand Isle tidal station has a rate 
of sea level rise calculated at 0.009 m yr-1 and estimates of total sea level rise are 0.091 m over 
10 years, 0.227 m over 25 years, and 0.454 m over 50 years.   
Table 3.2. Estimated rate of sea level rise rates and 10-, 25-, and 50-year total sea level rise 
estimates. 
Tidal 
Station 
Rate of Sea 
Level Rise 10-year 25-year 50-year 
New Canal 0.005 m yr-1 0.053 m 0.133 m 0.266 m 
Grand Isle 0.009 m yr-1 0.091 m  0.227 m 0.454 m 
 
3.3.1 Hurricane Katrina 
Hurricane Katrina storm surge models for the years 2020, 2045, and 2070 were created 
using sea level rise estimates for both New Canal and Grand Isle (Table 3.2), and the subsidence 
DEMs developed in Chapter 2 of this dissertation (Table 3.3).     
Table 3.3. Estimated max flood depth for Hurricane Katrina scenarios. 
Tidal 
Station 
Actual Max 
Flood Depth 
2020 Max 
Flood Depth 
2045 Max 
Flood Depth 
2070 Max 
Flood Depth 
Calculated 
Change 
Grand Isle 14.74 m 14.79 m 14.97 m 15.23 m 0.49 m 
New Canal 14.74 m 14.79 m 14.87 m 15.01 m 0.27 m 
 
3.3.1.1 Grand Isle Scenario 
 Hurricane Katrina flood depth and extent were mapped based on historical data provided 
within Hazus.  The flood depth and extent were then calculated in Hazus for the years 2020, 
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2045, and 2070 (Table 3.3 and Figure 3.2).  Both flood extent and flood depth expanded 
exponentially throughout the coastal area of Louisiana, with flood depth increasing from 14.74 m 
for the actual event to 14.79 m for the modeled event in the year 2020.  By 2045, flood depth 
increased to 14.97 m, followed by 15.23 m in 2070. 
3.3.1.2 New Canal Scenario 
 Flood depths and extent also increased for the New Canal scenario for Hurricane Katrina 
(Table 3.3 and Figure 3.3).  The flood depth for the New Canal scenario increased from the 
actual flood depth of 14.74 m to 14.79 m in the year 2020.  From 2020 to 2045, flood depth 
increased to 14.97.  Finally, in 2070 the max flood depth increased to 15.01 m. 
 
 
Figure 3.2. Actual and modeled flood depths for Hurricane Katrina using projected sea level rise 
estimates from Grand Isle tidal gauge station.  Figures above are represented as a) actual, b) year 
2020, c) year 2045, and d) year 2070. 
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Figure 3.3. Actual and modeled flood depths for Hurricane Katrina using projected sea level rise 
estimates from New Canal tidal gauge station.  Figures above are represented as a) actual, b) year 
2020, c) year 2045, and d) year 2070. 
3.3.2 Hurricane Rita 
Hurricane Rita storm surge models for the years 2020, 2045, and 2070 were created using 
sea level rise estimates for both New Canal and Grand Isle (Table 3.2), and the subsidence DEM 
developed in Chapter 2 of this dissertation (Table 3.4).   
Table 3.4. Estimated max flood depth for Hurricane Rita scenarios. 
Tidal 
Station 
Actual Max 
Flood Depth 
2020 Max  
Flood Depth 
2045 Max 
Flood Depth 
2070 Max 
Flood Depth 
Calculated 
Change 
Grand Isle 10.83 m 10.91 m 11.02 m 11.17 m 0.34 m 
New Canal 10.83 m 10.86 m 10.91 m 10.94 m 0.11 m 
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3.3.2.1 Grand Isle Scenario 
 Hurricane Katrina flood depth and extent were mapped based on historical data provided 
within Hazus.  The flood depth and extent were then calculated in Hazus for the years 2020, 
2045, and 2070 (Table 3.4 and Figure 3.4).  Both flood extent and flood depth expanded 
exponentially throughout the coastal area of Louisiana, with flood depth increasing from 10.83 m 
for the actual event to 10.91 m for the modeled event in the year 2020.  By 2045, flood depth 
increased to 11.02 m, followed by 11.17 m in 2070. 
 
Figure 3.4. Actual and modeled flood depths for Hurricane Rita using projected sea level rise 
estimates from Grand Isle tidal gauge station.  Figures above are represented as a) actual, b) year 
2020, c) year 2045, and d) year 2070. 
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3.3.2.2 New Canal Scenario 
Flood depths and extent also increased for the New Canal scenario for Hurricane Katrina 
(Table 3.3 and Figure 3.5).  The flood depth for the New Canal scenario increased from the 
actual flood depth of 10.83 m to 10.86 m in the year 2020.  From 2020 to 2045, flood depth 
increased to 10.91 m.  Finally, in 2070 the max flood depth increased to 10.94 m. 
 
Figure 3.5. Actual and modeled flood depths for Hurricane Rita using projected sea level rise 
estimates from New Canal tidal gauge station.  Figures above are represented as a) actual, b) year 
2020, c) year 2045, and d) year 2070. 
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3.3.3 Hurricane Gustav 
Hurricane Gustav storm surge models for the years 2020, 2045, and 2070 were created 
using sea level rise estimates for both New Canal and Grand Isle (Table 3.2), and the subsidence 
DEMs developed in Chapter 2 of this dissertation (Table 3.5).  
Table 3.5. Estimated max flood depth for Hurricane Gustav scenarios. 
Tidal 
Station 
Actual Max 
Flood Depth 
2020 Max 
Flood Depth 
2045 Max 
Flood Depth 
2070 Max 
Flood Depth 
Calculated 
Change 
Grand Isle 12.07 m 12.19 m 12.35 m 12.54 m 0.47 m 
New Canal 12.07 m 12.12 m 12.25 m 12.39 m 0.32 m 
 
3.3.3.1 Grand Isle Scenario 
Hurricane Gustav flood depth and extent were mapped based on historical data provided 
within Hazus.  The flood depth and extent were then calculated in Hazus for the years 2020, 
2045, and 2070 (Table 3.5 and Figure 3.6).  Both flood extent and flood depth expanded 
exponentially throughout the coastal area of Louisiana, with flood depth increasing from 12.07 m 
for the actual event to 12.19 m for the modeled event in the year 2020.  By 2045, flood depth 
increased to 12.35 m, followed by 12.54 m in 2070. 
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Figure 3.6. Actual and modeled flood depths for Hurricane Gustav using projected sea level rise 
estimates from Grand Isle tidal gauge station.  Figures above are represented as a) actual, b) year 
2020, c) year 2045, and d) year 2070. 
3.3.3.2 New Canal Scenario 
 Flood depths and extent also increased for the New Canal scenario for Hurricane 
Katrina (Table 3.5 and Figure 3.7).  The flood depth for the New Canal scenario increased from 
the actual flood depth of 12.07 m to 12.12 m in the year 2020.  From 2020 to 2045, flood depth 
increased to 12.25 m.  Finally, in 2070 the max flood depth increased to 12.39 m. 
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Figure 3.7. Actual and modeled flood depths for Hurricane Gustav using projected sea level rise 
estimates from New Canal tidal gauge station.  Figures above are represented as a) actual, b) year 
2020, c) year 2045, and d) year 2070. 
 
3.3.4 Storm Surge Impacts on Industrial Complexes in the LMRIC 
Industrial complexes inundated by modeled storm surge were identified using each storm 
surge model for Hurricanes Gustav, Katrina, and Rita for the years 2020, 2045, and 2070. Figure 
3.8 shows the locations of the industrial complexes predicted to be inundated by Hurricane 
Katrina storm surge using Grand Isle and New Canal sea level rise trends, respectively, by 2070. 
Eight industrial complexes in the LMRIC are predicted to be inundated by storm surge from a 
Hurricane Katrina type event using modeled RSLR forecasts by 2025, 2045, and 2070. 
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Figure 3.8. Industrial complexes in the LMRIC predicted to be inundated by storm surge from 
Hurricane Katrina using New Canal and Grand Isle sea level rise trends for 2020, 2045, and 
2070. 
 
Figure 3.9 shows the locations of the industrial complexes predicted to be inundated by 
Hurricane Rita storm surge using Grand Isle and New Canal sea level rise trends, respectively, 
by 2070. Two industrial complexes in the LMRIC are predicted to be inundated by storm surge 
from a Hurricane Rita type event using modeled RSLR forecasts by 2025, 2045, and 2070. 
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Figure 3.9. Industrial complexes in the LMRIC predicted to be inundated by storm surge from 
Hurricane Rita using New Canal and Grand Isle sea level rise trends for 2020, 2045, and 2070. 
 
Figure 3.10 shows the locations of the industrial complexes predicted to be inundated by 
Hurricane Gustav storm surge using Grand Isle and New Canal sea level rise trends, respectively, 
by 2070. Six industrial complexes in the LMRIC are predicted to be inundated by storm surge 
from a Hurricane Gustav type event using modeled RSLR forecasts by 2025, 2045, and 2070. 
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Figure 3.10. Industrial complexes in the LMRIC predicted to be inundated by storm surge from 
Hurricane Gustav using New Canal and Grand Isle sea level rise trends for 2020, 2045, and 
2070. 
 
3.4 Discussion and Conclusions 
Storm surge models for three historical storms were examined using previously created 
DEMs from Chapter 2 of this dissertation and sea level rise trends from two tidal stations (Grand 
Isle and New Canal).  Industrial complexes which could potentially be impacted by storm surge 
for the years 2020, 2045, and 2070 were identified within the LMRIC.  This study concludes 
that: 
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1) RSLR would have a direct impact on storm surge depth and extent.  Each historical 
modeled storm experienced an increase in both storm surge depth and inundation using 
both the Grand Isle and New Canal sea level trend estimates.   
2) As mentioned in Chapter 2, most industrial complexes are built on higher ground along 
the banks of the Mississippi River, which affords the complexes additional protection 
from RSLR and storm surge inundation.  However, eight facilities in the LMRIC would 
be inundated by storm surge in a modeled Hurricane Katrina event, six in a modeled 
Hurricane Gustav event, and two in a Hurricane Rita modeled event. 
Future research should focus on the comprehensive data management system (CDMS) aspect 
of Hazus, which would provide more details on the amount of potential damage that could occur 
from a modeled hurricane event.  This would include both tropical cyclone wind and flood 
damage in a combined flood and hurricane Hazus model.  Additionally, further research is 
necessary to understand the full impact of RSLR on coastal Louisiana and the effectiveness of 
mitigation actions such as coastal restoration on mitigating RSLR. 
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Chapter 4. Modification of the Priority Risk Index: Adapting to Emergency 
Management Accreditation Program Standards for Institutes of Higher Learning 
Hazard Mitigation Plans 
4.1 Introduction 
 Quantifying the degree of risk associated with the potential impact of hazards on 
industrial facilities within the Lower Mississippi River Industrial Complex (LMRIC) can be 
arduous.  However, applying current and modified risk indexes such as the Priority Risk Index 
(PRI) and Enhanced Priority Risk Index (EPRI) to emerging hazard modeling methodologies 
such as those presented in Chapters 2 and 3 can provide invaluable insights into the vulnerability 
of not only industrial facilities, but also other sectors (e.g., public, responders, environment, etc.) 
susceptible to the impacts of natural and anthropogenic hazards.  This chapter contains the 
framework for both the PRI and EPRI along with a case study utilizing both indexes. 
Following the Disaster Mitigation Act (DMA) of 2000; state, local, and Indian Tribal 
governments are required to develop Federal Emergency Management Agency (FEMA) 
approved hazard mitigation plans (HMP) to improve community resilience and act as a funding 
mechanism for post-disaster mitigation grant assistance (Godschalk 2003; Berke et al. 2009; 
Frazier et al. 2013; Lyles et al. 2014).  As the hazard mitigation planning process evolved, the 
PRI was developed by the Federal Emergency Management Agency (FEMA) to quantify the risk 
associated with each hazard identified in HMPs; which aids officials in identifying the most 
significant threats to their jurisdictions (Center for Sustainable Community Design 2017).  
Varying degrees of risk for each hazard are calculated by assigning numerical values (1 to 4) to 
five weighted categories (probability, impact, spatial extent, warning time, and duration) (Table 
4.1).  The higher the numerical value, the greater the impact each hazard has for a specific 
category. 
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Each PRI category has four threat levels and is assigned an index value (1–4) and a 
weighting factor. The final PRI value for a given hazard is calculated by taking the sum of each 
of the five categories after their assigned index value is multiplied by its weighting factor as 
shown by the following: 
 
𝑅𝑅𝜃𝜃𝑠𝑠𝑅𝑅 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 =  [(𝑃𝑃𝐹𝐹𝐹𝐹𝑃𝑃𝐹𝐹𝑃𝑃𝜃𝜃𝑃𝑃𝜃𝜃𝐹𝐹𝑃𝑃 ∗  0.30)  +  (𝐼𝐼𝐼𝐼𝐼𝐼𝐹𝐹𝐹𝐹𝐹𝐹 ∗  0.30)  +  (𝑅𝑅𝐼𝐼𝐹𝐹𝐹𝐹𝜃𝜃𝐹𝐹𝑃𝑃 𝑀𝑀𝐸𝐸𝐹𝐹𝐸𝐸𝑛𝑛𝐹𝐹 ∗  0.20)  +
 (𝑊𝑊𝐹𝐹𝐹𝐹𝑛𝑛𝜃𝜃𝑛𝑛𝑊𝑊 𝑇𝑇𝜃𝜃𝐼𝐼𝐸𝐸 ∗ 0.10)  +  (𝐷𝐷𝐷𝐷𝐹𝐹𝐹𝐹𝐹𝐹𝜃𝜃𝐹𝐹𝑛𝑛 ∗  0.10)]   
               (4.1)      
Each hazard’s potential risk is determined by matching the PRI Value with the following scale:  
High Risk (2.5 to 4.0), Moderate Risk (2.0 to 2.4), and Low Risk (0 to 1.9). 
4.2 Emerging Framework 
The inception of the DMA of 2000 moved hazard mitigation to the forefront of 
emergency preparedness by requiring states, local jurisdictions, and tribal governments to create 
comprehensive hazard mitigation plans (Berke and Smith 2012).  FEMA’s 44 § CFR 201 (2002) 
requires planners to include a profile defining each hazard and a detailed risk assessment, which 
describes probability, extent, previous occurrences, and loss estimates for a given hazard.  As a 
part of this risk assessment, a vulnerability assessment should be conducted that identifies the 
potential impact of each hazard on the jurisdiction.  The need for this detailed vulnerability 
assessment led to the creation of the current PRI methodology. The PRI is a flexible tool which 
provides jurisdictions with a methodology to measure risk associated with each identified hazard  
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Table 4.1. Summary of the Priority Risk Index. 
 
(CSCD 2017).  Different jurisdictions can create their own version of a PRI scale, where the 
degree of risk is determined by measuring various categories of vulnerability, using categories or  
weighting factors that may be unique to the jurisdiction.  However, the general format remains 
the same, and most scales will include some variation of the following: 
• Probability:  Annual likelihood of incident occurrence within a geographical area based 
on several factors including historical data and past occurrences (Siwar and Islam 2012). 
PRI 
Category 
Degree of Risk Assigned 
Weighting 
Factor Level Criteria 
Index 
Value 
Probability 
Unlikely Less than 1% annual probability 1 
30% Possible Between 1 and 10% annual probability 2 Likely Between 10 and 100% probability 3 
Highly Likely 100% annual probability 4 
Impact 
Minor 
Very few injuries, if any.  Only minor 
property damage and minimal disruption 
on quality of life.  Temporary shutdown 
of critical facilities. 
1 
30% 
Limited 
Minor injuries only.  More than 10% of 
property in affected area damaged or 
destroyed.  Complete shutdown of critical 
facilities for more than one day. 
2 
Critical 
Multiple deaths/injuries possible.  More 
than 25% of property in affected area 
damaged or destroyed.  Complete 
shutdown of critical facilities for more 
than a week. 
3 
Catastrophic 
High number of deaths/injuries possible.  
More than 50% of property in affected 
area damaged or destroyed.  Complete 
shutdown of critical facilities for 30 days 
or more. 
4 
Spatial Extent 
Negligible Less than 1% of area affected 1 
20% Small Between 1 and 10% of area affected 2 Moderate Between 10 and 50% of area affected 3 
Large Between 50 and 100% of area affected 4 
Warning 
Time 
More than 24 hours Self-explanatory 1 
10% 12 to 24 hours Self-explanatory 2 6 to 12 hours Self-explanatory 3 
Less than 6 hours Self-explanatory 4 
Duration 
Less than 6 hours Self-explanatory 1 
10% Less than 24 hours Self-explanatory 2 Less than one week Self-explanatory 3 
More than one week Self-explanatory 4 
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• Impact:  Influence of an incident on life, property, and critical facilities. 
• Spatial Extent:  Total geographical area impacted by the incident. 
• Warning Time:  Amount of forewarning time before an incident occurs. 
• Duration:  Total amount of time a geographical area is impacted by an incident. 
The flexibility of the current PRI allows jurisdictions to tailor risk assessments to their 
specific needs; however, the categories and weighting factors can be highly subjective.  The lack 
of a single standard recognized by FEMA or emergency managers creates issues when trying to 
compare HMPs and risks across jurisdictions.  The need to standardize the PRI and include 
specific accreditation requirements into the scale grows as accreditation programs are developed 
and accepted within the emergency management discipline.  The adoption of a standardized PRI 
methodology would help ensure that best practices are used in the hazard mitigation planning 
process and provide jurisdictions with a set of standards that are uniform within the industry.  As 
many towns and institutes of higher education are starting to create their own HMPs, they often 
do so within the framework of state- or county-level plans. Often this leads to interjurisdictional 
plans, highlighting the need for a uniform standard for risk assessment from one HMP to 
another.   
 The growth of emergency management and the problems faced by emergency managers 
in disasters such as Hurricane Katrina and the terrorist attacks on September 11, 2001, led to the 
development of standards from programs like the Emergency Management Accreditation 
Program (EMAP; Neal 2005; Waugh and Streib 2006; Waugh and Sadiq 2011).  Although 
EMAP accreditation is completely voluntary, it provides guidance to all entities and individuals 
within a jurisdiction and assesses programs and plans involving all phases of emergency 
management (i.e., prevention/mitigation, preparedness, response, recovery) (Waugh and Sadiq 
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2011).  Standard 4.1.2 of the 2016 Emergency Management Standard requires jurisdictions 
seeking EMAP accreditation to perform a consequence analysis that identifies the impact of each 
hazard in the Hazard Identification and Risk Assessment (HIRA) on seven sectors (EMAP 
2016): 
• the public 
• responders 
• continuity of operations including continued delivery of services 
• property, facilities, and infrastructure 
• environment 
• economic condition of the jurisdiction 
• public confidence in the jurisdiction’s governance   
To meet this standard, the Geoinformatics and Disaster Science (GADS) Lab at East Tennessee 
State University (ETSU) and members of the Office of Emergency Management at Tufts 
University (the first private institution of higher education to be accredited by EMAP) developed 
the EPRI.  
4.3 Enhanced Priority Risk Index 
While the PRI assesses potential hazards based on probability, impact, spatial extent, 
warning time, and duration, broad vulnerabilities and consequences to the seven sectors are not 
incorporated.  For Tufts University, an additional category (Vulnerability) was developed to 
measure the vulnerability of each campus to a hazard, based on the impact each hazard would 
have on the seven EMAP sectors at each of their four campuses.  Qualitative and quantitative 
assessments provide an overall ranking of the vulnerabilities and consequences (i.e., Low, 
Medium, High, Very High), which is then used in calculating the Vulnerability category scores 
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(Table 4.2).  This vulnerability and consequence analysis is conducted to determine the impact 
each hazard will have on the seven sectors defined by EMAP Standard 4.1.2.  
The ranking values (1-4) from the vulnerability and consequence analysis are then 
assigned a weighted percentage for each EMAP-identified sector (Equation 4.2) as follows: 
𝑉𝑉𝐷𝐷𝑃𝑃𝑛𝑛𝐸𝐸𝐹𝐹𝐹𝐹𝑃𝑃𝜃𝜃𝑃𝑃𝜃𝜃𝐹𝐹𝑃𝑃 = [(𝑃𝑃𝐷𝐷𝑃𝑃𝑃𝑃𝜃𝜃𝐹𝐹 ∗ 0.15) + (𝑅𝑅𝐸𝐸𝑠𝑠𝐼𝐼𝐹𝐹𝑛𝑛𝑑𝑑𝐸𝐸𝐹𝐹𝑠𝑠 ∗ 0.15) + (𝐶𝐶𝐹𝐹𝑛𝑛𝐹𝐹𝜃𝜃𝑛𝑛𝐷𝐷𝜃𝜃𝐹𝐹𝑃𝑃 𝐹𝐹𝑓𝑓 𝑂𝑂𝐼𝐼𝐸𝐸𝐹𝐹𝐹𝐹𝐹𝐹𝜃𝜃𝐹𝐹𝑛𝑛𝑠𝑠 ∗
0.15) + ( 𝑃𝑃𝐹𝐹𝐹𝐹𝐼𝐼𝐸𝐸𝐹𝐹𝐹𝐹𝑃𝑃,𝐹𝐹𝐹𝐹𝐹𝐹𝜃𝜃𝑃𝑃𝜃𝜃𝐹𝐹𝜃𝜃𝐸𝐸𝑠𝑠,𝐹𝐹𝑛𝑛𝑑𝑑 𝐼𝐼𝑛𝑛𝑓𝑓𝐹𝐹𝐹𝐹𝑠𝑠𝐹𝐹𝐹𝐹𝐷𝐷𝐹𝐹𝐹𝐹𝐷𝐷𝐹𝐹𝐸𝐸 ∗ 0.15) + (𝑀𝑀𝑛𝑛𝐸𝐸𝜃𝜃𝐹𝐹𝐹𝐹𝑛𝑛𝐼𝐼𝐸𝐸𝑛𝑛𝐹𝐹 ∗ 0.15) +
(𝑀𝑀𝐹𝐹𝐹𝐹𝑛𝑛𝐹𝐹𝐼𝐼𝜃𝜃𝐹𝐹 𝐶𝐶𝐹𝐹𝑛𝑛𝑑𝑑𝜃𝜃𝐹𝐹𝜃𝜃𝐹𝐹𝑛𝑛 ∗ 0.15) +  (𝑃𝑃𝐷𝐷𝑃𝑃𝑃𝑃𝜃𝜃𝐹𝐹 𝐶𝐶𝐹𝐹𝑛𝑛𝑓𝑓𝜃𝜃𝑑𝑑𝐸𝐸𝑛𝑛𝐹𝐹𝐸𝐸 ∗ 0.10)                                                                                                                           
(4.2) 
This results in a vulnerability category score used in the EPRI.  Each category is assigned 
a weighted percentage of 15% except for the category of public confidence, which is assigned a 
weighted percentage of 10%.  Impacts of public confidence in the jurisdiction’s governance are 
determined in a round table meeting involving all members of the planning team, while the other 
sectors use both quantitative and qualitative inputs.  The final vulnerability score for each hazard 
is rounded to the nearest whole number and cross-referenced with the EPRI values for 
Vulnerability (1–4) to ensure they are appropriate for the jurisdiction.  For a particular hazard, a 
vulnerability score of 1 (Low) indicates the jurisdiction has few exploitable weaknesses (defined 
as a deficiency or vulnerability that exposes the jurisdiction to a potential threat) and multiple or 
redundant countermeasures currently in place to mitigate the impacts from that hazard.  A score 
of 4 (Very High) indicates that a jurisdiction has a critical number and/or severity of exploitable 
weaknesses and few or no countermeasures in place to mitigate impacts from that hazard. 
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Table 4.2. Ranking scale summary for assessing vulnerability impact. 
  
With the addition of the Vulnerability category, EPRI values (i.e., an Enhanced Risk 
Factor) are calculated using the five original categories (probability, impact, spatial extent, 
warning time, and duration) and the newly created Vulnerability category. As with the traditional 
PRI, each degree of risk is assigned a value (1-4) and weighting factor in the EPRI.  The 
assigned weighting factors were redistributed to account for the addition of the Vulnerability 
category, as such: 
𝑀𝑀𝑛𝑛ℎ𝐹𝐹𝑛𝑛𝐹𝐹𝐸𝐸𝑑𝑑 𝑅𝑅𝜃𝜃𝑠𝑠𝑅𝑅 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 =  [(𝑃𝑃𝐹𝐹𝐹𝐹𝑃𝑃𝐹𝐹𝑃𝑃𝜃𝜃𝑃𝑃𝜃𝜃𝐹𝐹𝑃𝑃 ∗  0.20)  + (𝐼𝐼𝐼𝐼𝐼𝐼𝐹𝐹𝐹𝐹𝐹𝐹 ∗  0.25)  +
 (𝑅𝑅𝐼𝐼𝐹𝐹𝐹𝐹𝜃𝜃𝐹𝐹𝑃𝑃 𝑀𝑀𝐸𝐸𝐹𝐹𝐸𝐸𝑛𝑛𝐹𝐹 ∗  0.15)  +  (𝑊𝑊𝐹𝐹𝐹𝐹𝑛𝑛𝜃𝜃𝑛𝑛𝑊𝑊 𝑇𝑇𝜃𝜃𝐼𝐼𝐸𝐸 ∗ 0.075)  +  (𝐷𝐷𝐷𝐷𝐹𝐹𝐹𝐹𝐹𝐹𝜃𝜃𝐹𝐹𝑛𝑛 ∗  0.075)  +
 (𝑉𝑉𝐷𝐷𝑃𝑃𝑛𝑛𝐸𝐸𝐹𝐹𝐹𝐹𝑃𝑃𝜃𝜃𝑃𝑃𝜃𝜃𝐹𝐹𝑃𝑃 ∗ 0.25)]  
                                                                                                                          (4.3) 
 
 
 
To calculate the Enhanced Risk Factor for a given hazard, the assigned risk value for each 
category is multiplied by the weighting factor, and the sum of all six categories becomes the 
Enhanced Risk Factor score. The full summary of the EPRI is given in Table 4.3, which shows 
each of the six categories, the levels and criteria that represent the index values, and the 
weighting factor for each of those categories.  
 
 
 
 
 
 
 
Ranking Description 
Very High (4) 
Catastrophic impact on the sector.  Extremely high number of deaths and/or injuries 
possible.  More than 50% of property impacted.  Complete shutdown of critical operations 
for 30 days or more.  Between 50% and 100% of the area possibly impacted. 
High (3) High impact on the sector.  Multiple deaths and injuries possible.  More than 25% of property impacted.  Between 10% and 50% of the area possibly impacted.   
Medium (2) Minimal impact on the sector.  Minor injuries only.  More than 10% of property impacted.  Between 1% and 10% of the area possibly impacted. 
Low (1) Little to no impact on the sector.  Minor injuries, damage, and/or disruptions to services.  Less than 1% of the area impacted. 
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Table 4.3. Summary of the Enhanced Priority Risk Index. 
4.4 Application of the EPRI 
The framework and methodology of the EPRI was applied to the tropical cyclone risk 
assessment for the current East Baton Rouge Hazard Mitigation Plan (Stevens et al. 2016) which 
PRI 
Category 
Degree of Risk Assigned 
Weighting 
Factor Level Criteria 
Index 
Value 
Probability 
Unlikely Less than 1% annual probability 1 
20% Possible Between 1 and 10% annual probability 2 Likely Between 10 and 100% probability 3 
Highly Likely 100% annual probability 4 
Impact 
Minor 
Very few injuries, if any.  Only minor 
property damage and minimal disruption 
on quality of life.  Temporary shutdown 
of critical facilities. 
1 
25% 
Limited 
Minor injuries only.  More than 10% of 
property in affected area damaged or 
destroyed.  Complete shutdown of critical 
facilities for more than one day. 
2 
Critical 
Multiple deaths/injuries possible.  More 
than 25% of property in affected area 
damaged or destroyed.  Complete 
shutdown of critical facilities for more 
than a week. 
3 
Catastrophic 
High number of deaths/injuries possible.  
More than 50% of property in affected 
area damaged or destroyed.  Complete 
shutdown of critical facilities for 30 days 
or more. 
4 
Spatial Extent 
Negligible Less than 1% of area affected 1 
15% Small Between 1 and 10% of area affected 2 Moderate Between 10 and 50% of area affected 3 
Large Between 50 and 100% of area affected 4 
Warning 
Time 
More than 24 hours Self-explanatory 1 
7.5% 12 to 24 hours Self-explanatory 2 6 to 12 hours Self-explanatory 3 
Less than 6 hours Self-explanatory 4 
Duration 
Less than 6 hours Self-explanatory 1 
7.5% Less than 24 hours Self-explanatory 2 Less than one week Self-explanatory 3 
More than one week Self-explanatory 4 
Vulnerability 
Low Minimal exploitable weaknesses and multiple or redundant countermeasures. 1 
25% 
Medium Moderate exploitable weaknesses and some countermeasures. 2 
High Multiple exploitable weaknesses and few countermeasures. 3 
Very High Critical exploitable weaknesses and no countermeasures. 4 
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is located within the Lower Mississippi River Industrial Corridor (LMRIC).  EPRI results were 
compared with traditional PRI scores to validate the EPRI.   
4.4.1 Study Area 
East Baton Rouge Parish is the northernmost parish within the LMRIC.  As of the 2010 
census, East Baton Rouge Parish is the most populous parish in the state of Louisiana with a 
population of 440,171 (U.S. Census Bureau 2010).  Nineteen of the approximately 120 industrial 
complexes within the LMRIC are located in the boundaries of East Baton Rouge Parish.  Despite 
its location approximately 100 km from the Gulf of Mexico, East Baton Rouge Parish is still 
susceptible to the impacts of tropical cyclones.  Per the National Oceanic and Atmospheric 
Administration National Centers for Environmental Information’s Storm Events Database 
(2018), East Baton Rouge Parish has been impacted directly by eight tropical cyclone events 
since 2002 (Table 4.4). 
Table 4.4. Tropical cyclone events impacting East Baton Rouge Parish. 
 
 
 
 
 
 
 
 
 
4.4.2 Priority Risk Index Scores 
4.4.2.1 Probability 
The probability for the tropical cyclone hazard in the East Baton Rouge Hazard 
Mitigation Plan (2018) was calculated by using the total number of tropical cyclone events which 
impacted the parish since 2002 and dividing the total by the total temporal record length.  The 
Date Tropical Cyclone Event 
October 2, 2002 Lili 
August 28, 2005 Katrina 
September 23, 2005 Rita 
August 24, 2008 Fay 
September 1, 2008 Gustav 
September 11, 2008 Ike 
September 2, 2011 Lee 
August 28, 2012 Isaac 
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primary source of this data was obtained from the National Oceanic and Atmospheric 
Administration National Centers for Environmental Information’s Storm Events Database 
(2018).  The annual probability of occurrence for tropical cyclones in East Baton Rouge Parish 
was estimated to be 24%.  Thus, the probability score for tropical cyclones in East Baton Rouge 
Parish is ranked at the level of “Likely” since the annual chance of occurrence falls between 10 
and 100% (Table 4.5).  The index value assigned for probability based on the criteria is a “three” 
(3).  
Table 4.5. Probability Degree of Risk summary (CSCD 2017). 
 
4.4.2.2 Impact 
Overall, tropical cyclones can be catastrophic to an area, with life and property casualties 
potentially occurring from various forces.  Strong winds can impact structures and fling debris.  
Tropical cyclone-induced storm surge can be accompanied by large, destructive waves which 
could cause severe economic loss fatalities.  Due to East Baton Rouge Parish’s location and 
history of events, the impact score for tropical cyclones in East Baton Rouge Parish is ranked at 
the level of “Critical” since a tropical cyclone event has the potential to cause multiple deaths 
and injuries while also damaging more than 25% of the infrastructure in the parish (Table 4.6).  
Additionally, tropical cyclones have the potential to disable critical facilities for more than a 
week; hence, the index value assigned for impact is a “three” (3). 
 
 
PRI 
Category 
Degree of Risk Assigned 
Weighting 
Factor Level Criteria 
Index 
Value 
Probability 
Unlikely Less than 1% annual probability 1 
30% Possible Between 1 and 10% annual probability 2 Likely Between 10 and 100% probability 3 
Highly Likely 100% annual probability 4 
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Table 4.6. Impact Degree of Risk summary (CSCD 2017). 
 
4.4.2.3 Spatial Extent 
Tropical cyclones are meso-scale low–pressure-cored weather circulation systems that 
typically range in size from approximately 2 to 8 degrees in latitude in diameter (Chavas and 
Emanuel 2010) and thrive over tropical oceans.  Due to this size and the concentration of coastal 
population, tropical cyclones have the potential to devastate large geographical areas.  As such, 
the spatial extent score for tropical cyclones in East Baton Rouge Parish is ranked at the “Large” 
level since it impacts between 50 and 100% of the area (Table 4.7).  The index value assigned to 
tropical cyclone risk in East Baton Rouge Parish based on the criteria is a “four” (4).         
Table 4.7. Spatial Extent Degree of Risk summary (CSCD 2017). 
 
PRI 
Category 
Degree of Risk Assigned 
Weighting 
Factor Level Criteria 
Index 
Value 
Impact 
Minor 
Very few injuries, if any.  Only minor 
property damage and minimal disruption 
on quality of life.  Temporary shutdown 
of critical facilities. 
1 
30% 
Limited 
Minor injuries only.  More than 10% of 
property in affected area damaged or 
destroyed.  Complete shutdown of critical 
facilities for more than one day. 
2 
Critical 
Multiple deaths/injuries possible.  More 
than 25% of property in affected area 
damaged or destroyed.  Complete 
shutdown of critical facilities for more 
than a week. 
3 
Catastrophic 
High number of deaths/injuries possible.  
More than 50% of property in affected 
area damaged or destroyed.  Complete 
shutdown of critical facilities for 30 days 
or more. 
4 
PRI 
Category 
Degree of Risk Assigned 
Weighting 
Factor Level Criteria 
Index 
Value 
Spatial Extent 
Negligible Less than 1% of area affected 1 
20% Small Between 1 and 10% of area affected 2 Moderate Between 10 and 50% of area affected 3 
Large Between 50 and 100% of area affected 4 
73 
 
4.4.2.4 Warning Time 
Tropical cyclones are defined as creeping or slow moving hazards since the forward 
movement speed of the storms is low.  This provides adequate time for forecasters to explore the 
spatial and temporal variables of each storm.  The warning time score for tropical cyclones in 
East Baton Rouge Parish is ranked at the “More than 24 hours” level and receives an index value 
of “one” (1) (Table 4.8). 
Table 4.8. Warning Time Degree of Risk summary (CSCD 2017). 
 
4.4.2.5 Duration 
The amount of time a tropical cyclone impacts a particular geographical area can range 
significantly depending on the strength of the storm, preparedness of the area, and response to 
the event.  However, the worst case scenario for a tropical cyclone event in East Baton Rouge 
Parish would be the level of “more than one week” which carries an index value of “four” (4) 
(Table 4.9). 
Table 4.9. Duration Degree of Risk summary (CSCD 2017). 
 
PRI 
Category 
Degree of Risk Assigned 
Weighting 
Factor Level Criteria 
Index 
Value 
Warning 
Time 
More than 24 hours Self-explanatory 1 
10% 12 to 24 hours Self-explanatory 2 6 to 12 hours Self-explanatory 3 
Less than 6 hours Self-explanatory 4 
PRI 
Category 
Degree of Risk Assigned 
Weighting 
Factor Level Criteria 
Index 
Value 
Duration 
Less than 6 hours Self-explanatory 1 
10% Less than 24 hours Self-explanatory 2 Less than one week Self-explanatory 3 
More than one week Self-explanatory 4 
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4.4.3 Priority Risk Index Results 
The PRI results for index value, weighting factor, and degree of risk for each PRI 
category were summarized (Table 4.10), and the overall risk of tropical cyclones for East Baton 
Rouge Parish was calculated using Equation 5.1.  Both probability and impact received a degree 
risk of score of 0.9, followed by spatial extent at 0.8, while duration and warning time accounted 
for 0.4 and 0.1 degree of risk respectively.  The overall risk of tropical cyclones for East Baton 
Rouge Parish based on the traditional PRI is considered “High” based on an overall score of 3.1. 
Table 4.10. Summary of PRI results for tropical cyclones in East Baton Rouge Parish. 
PRI Category Index Value 
Weighting 
Factor 
Degree of 
Risk 
Probability 3 30% 0.90 
Impact 3 30% 0.90 
Spatial Extent 4 20% 0.80 
Warning Time 1 10% 0.10 
Duration 4 10% 0.40 
Overall Risk of Tropical Cyclones 3.10 High 
 
4.4.5 Enhanced Priority Risk Index Scores (Vulnerability) 
4.4.5.1 Public 
Examination of social and physical vulnerabilities of the populace and the historical 
record of fatalities and injuries associated with tropical cyclones indicates that the public in East 
Baton Rouge Parish is susceptible to the impacts of the hazards but is also capable of mitigating 
these impacts through several resources.  These countermeasures include but are not limited to 
evacuation from an event or sheltering-in-place with adequate supplies.  Thus, a ranking of 
“High” (3) is assigned to the public since tropical cyclones would have a high impact on the 
sector and there is potential for multiple injuries and/or fatalities. 
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4.4.5.2 Responders 
Responders (i.e., police, fire and emergency services personnel, medical personnel) in 
East Baton Rouge Parish are highly susceptible to the impacts of tropical cyclones since they 
typically are among the first exposed to a tropical cyclone-induced emergency.  However, 
responders are typically well-trained in how to respond to such emergencies, especially in 
parishes that have experienced a significant number of tropical cyclones in the past, such as East 
Baton Rouge.  Hence, a ranking of “Medium” (2) is assigned to the responders section since 
tropical cyclones would have a limited impact on the sector holistically.   
4.4.5.3 Continuity of Operations 
East Baton Rouge Parish and the city of Baton Rouge have developed an Emergency 
Operations Plan that addresses the continuity of operations by identifying essential functions, 
ensuring those functions are continued throughout a tropical cyclone event, identifying essential 
personnel, and providing a means of delegating authority if succession of administration is 
required during a disaster event (EBRP 2018).  This foresight and training significantly provides 
a means to mitigate the impact tropical cyclones may have on the continuity of operations; thus, 
continuity of resources is assigned a ranking of “Medium” (2) since there are policies in place to 
maintain or recover critical functions of the parish. 
4.4.5.4 Property, Facilities, and Infrastructure 
Property, facilities, and infrastructure can be impacted catastrophically by several forces 
associated with tropical cyclones including high winds, storm surge, and extreme precipitation.  
Tropical cyclone winds place considerable pressure on stationary objects such as buildings and 
infrastructure.  The force exerted on these structures can cause failure.  Storm surge and extreme 
precipitation can cause infrastructure and buildings in low-lying areas to flood.  Additionally, 
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storm surge and high winds can produce large waves which can demolish poorly designed or 
aging infrastructure and buildings.  Based on historical tropical cyclone events that have 
impacted East Baton Rouge Parish, a ranking of “High” (3) is assigned to the sector since 
tropical cyclone forces would have a high impact on the sector. 
4.4.5.5 Environment 
As with the property, facilities, and infrastructure, tropical cyclone forces can have a 
devastating impact on the environment.  Downed trees and damaged buildings due to high winds 
and flooding can cause chemical releases, broken pipelines, gas leaks, and sewage spills which 
could degrade the environment.  Additionally, flood waters can transport hazardous materials 
such as oil and animal waste, and it can also infiltrate sewer lines and water treatment plants 
causing water supplies to become contaminated.  A ranking of “High” (3) is assigned to the 
environment sector due to the impact tropical cyclones could potential have on the environment.      
4.4.5.6 Economic Condition 
As seen with hurricanes Katrina and Rita, tropical cyclones have the potential to cause 
catastrophic damage on the regional, state, and national levels especially if manufacturing 
activities of the industrial complexes in the LMRIC are impacted.  Based on past tropical cyclone 
events, a ranking of “Very High” (4) is assigned to the sector since a tropical cyclone could have 
a catastrophic impact on the economic condition of East Baton Rouge Parish. 
4.4.5.7 Public Confidence 
Public confidence is influenced by the public’s perception on the ability of the 
jurisdiction to prepare for tropical cyclones and other hazards which could potentially impact the 
community.  East Baton Rouge Parish takes a “whole community” approach to all-hazards 
planning.  This approach is reflected in the recent update to the parish’s hazard mitigation plan 
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which documents the process of soliciting ideas and feedback from the entire community (public, 
private, and government) on every hazard that could potentially impact the parish.  This provides 
a means for the public to participate in the emergency planning process and to gain an 
understanding of governmental function during a disaster event.  Public confidence is assigned a 
score of “Medium” (2), since there would be limited impact on the sector.  
4.4.6 Enhanced Priority Risk Index Results 
The Vulnerability and Consequences ranking, weighting factor, and degree of risk for 
each EMAP sector were summarized Table 4.11), and the vulnerability score calculated using 
Equation 5.2.  Economic condition received the highest degree of risk with a score of 0.6, 
followed by the sectors for public; property, facilities, and infrastructure; and environment, all of 
with have a “degree of risk” score of 0.45.  Responders and continuity of operations sectors both 
received a degree of risk score of 0.3, and public confidence has a score of 0.2.  The EPRI 
Vulnerability score for tropical cyclones in East Baton Rouge Parish was calculated at 2.75 and 
was rounded up to the nearest whole number of 3.  This provides a vulnerability ranking level of 
“High,” which meets the criteria of multiple exploitable weaknesses and few countermeasures. 
Table 4.11. Summary of vulnerability and consequences results for tropical cyclones on the 
seven EMAP sectors. 
EMAP Sector Ranking Weighting Factor 
Degree of 
Risk 
Public 3 15% 0.45 
Responders 2 15% 0.30 
Continuity of Operations 2 15% 0.30 
Property, Facilities, and Infrastructure 3 15% 0.45 
Environment 3 15% 0.45 
Economic Condition 4 15% 0.60 
Public Confidence 2 10% 0.20 
EPRI Vulnerability Score for Tropical Cyclones 2.75 
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The EPRI results for index value, weighting factor, and degree of risk for each EPRI 
category were summarized (Table 4.12), and the overall risk of tropical cyclones for East Baton 
Rouge Parish was calculated using Equation 5.3.  The EPRI categories of impact and 
vulnerability received the highest degree of risk with a score of 0.75, followed by the categories 
of probability and spatial extent, with degree of risk scores of 0.6.  The duration EPRI category 
received a degree of risk score of 0.3, with warning time receiving the lowest degree of risk 
score at 0.08.  The overall risk of tropical cyclones for East Baton Rouge Parish based on the 
EPRI is considered “High” based on an overall score of 3.08. 
Table 4.12. Summary of EPRI results for tropical cyclones in East Baton Rouge Parish. 
EPRI Category Index Value 
Weighting 
Factor 
Degree of 
Risk 
Probability 3 20% 0.60 
Impact 3 25% 0.75 
Spatial Extent 4 15% 0.60 
Warning Time 1 7.5% 0.08 
Duration 4 7.5% 0.30 
Vulnerability (Rounded) 3 25% 0.75 
Overall Risk of Tropical Cyclones 3.08 High 
4.5 Conclusions and Broader Impacts 
The EPRI provides state, local, and tribal governments, as well as institutes of higher 
education, a methodology to measure the impact of each profiled hazard on the seven EMAP 
Standard 4.1.2 sectors (i.e. public; responders; continuity of operations including continued 
delivery of services; property, facilities, and infrastructure; the environment; the economic 
condition of the jurisdiction; and public confidence in the jurisdiction’s governance).  The new 
methodology provides an opportunity to assess critically and holistically any vulnerabilities and 
consequences, while also aiding jurisdictions in obtaining EMAP accreditation.  Additionally, 
the EPRI provides a standardized measurement of risk that is functional across all jurisdictions 
and scale-independent.  For example, industry use of the EPRI would allow entities such as 
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college campuses that may be located in more than one jurisdiction to adopt each jurisdiction’s 
standard of risk.  The EPRI strengthens the hazard mitigation planning process and provides 
jurisdictions with a standardized scale that meets not only FEMA guidelines, but also EMAP 
accreditation standards.  
Finally, the PRI and EPRI were examined for the tropical cyclone hazard for East Baton 
Rouge Parish using the existing FEMA approved hazard mitigation plan.  Both the EPRI and PRI 
provide a methodology for measuring the risk associated with a hazard based on quantitative and 
qualitative data.  Results demonstrate that the PRI and EPRI are highly comparable; however, the 
EPRI provides a method for measuring the vulnerability of seven EMAP identified sectors to 
hazards identified in a hazard mitigation plan.  This study concludes that: 
1) The EPRI offers a methodology that critically assesses the vulnerabilities and 
consequences on the public, responders, continuity of operations, facilities and 
infrastructure, the environment, the economic condition of the parish, and the public 
confidence in the parish government.  This holistic approach meets not only FEMA 
approved guidelines, but EMAP accreditation standards. 
2) The addition of the vulnerability category bolsters the hazard mitigation process, and 
builds upon the whole community approach to all hazards planning by providing a 
methodology to measure the degree of risk for profiled hazards on the seven EMAP 
sectors that represent the totality of the parish community. 
3) Mitigation planning and efforts as it relates to particular hazards is highly 
individualized based on spatial and temporal scales.  The EPRI offers the flexibility 
needed to aid in the evaluation of risk associated with these hazards while also 
providing a scientifically sound methodology for measuring risk.   
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Chapter 5. Conclusions and Future Research 
This dissertation was designed in three unique and distinct journal style chapters with the 
exception of Chapter 5 which was designed as an application study for the Enhanced Priority 
Risk Index (EPRI).  Collectively, these chapters aided in determining the vulnerability of each of 
the approximately 120 industrial facilities located within the Lower Mississippi River Industrial 
Corridor (LMRIC) to present and future natural hazard events.  A brief synopsis for each chapter 
follows with major conclusions if applicable:  
5.1 Chapter 2 Conclusions 
Subsidence rates in southeastern Louisiana are greater than anywhere else in the United 
States, and the impact of subsidence rates on industrial complexes has not been studied 
comprehensively using the latest techniques. Spatial interpolation methods were analyzed to 
determine the best fit for subsidence rates and to create a predictive surface for the LMRIC. 
Empirical Bayesian kriging (EBK), ordinary kriging (OK), universal kriging (UK), and inverse 
distance weighted (IDW) interpolation methods were applied to the 2004 National Oceanic and 
Atmospheric Administration (NOAA) published Technical Report #50 dataset, and cross-
validation methods were utilized to determine the accuracy of each method. The mean error 
(ME) and root mean square error (RMSE) were calculated for each interpolation method and 
were then used to detect bias and compare the predicted value with the actual observation value. 
Cross-validation estimates are comparable for each method statistically and visually; however, 
the results indicate the EBK interpolation method is the most accurate of the methods using the 
lowest ME and RMSE scores. Digital elevation models for the years 2025, 2050, and 2075 were 
developed based on the predictive surface of subsidence rates using the results from the EBK 
interpolation method. Results indicate that by 2025, 31.4% of landmass in the LMRIC will be 
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below 0 m NAVD88, with 40.4% below 0 m NAVD88 by 2050, and 51.8% by 2075. Subsidence 
rates in the LMRIC range from approximately 16 mm to less than one mm per year. Nine of the 
122 industrial complexes located in the LMRIC are estimated to be below 0 m NAVD88 by the 
year 2075.  The major findings of Chapter 2 are as follows:   
• EBK is the spatial interpolation method that is the most appropriate and accurate for 
modeling subsidence rates and creating predictive surfaces within the LMRIC. Both the 
ME and RMSE values indicate that each method is accurate and comparable to each 
other, but IDW, OK, and UK have a smoothing effect that exclude some subtle changes 
in the predicted subsidence rates. EBK produced the lowest ME and RMSE scores. 
• Subsidence has the potential to impact the LMRIC drastically over time. Approximately 
31% of the LMRIC is projected to be below 0 m NAVD88 by 2025 and over 50% by the 
year 2075. 
• Most industrial complexes are built on higher ground along the banks of the Mississippi 
River. However, without future elevation of facilities, six of the 122 complexes located in 
the LMRIC are predicted to be below 0 m NAVD88 by 2025, seven below 0 m NAVD88 
by 2050, and nine below 0 m NAVD88 by 2075. 
5.2 Chapter 3 Conclusions 
Subsidence is a perpetual coastal and geological process which amplifies the impacts of 
relative sea level rise (RSLR), flooding, and erosion in coastal ecosystems. The structure of state 
and federal coastal management laws plays a significant role in how vulnerable coastal 
communities respond proactively to sea level rise and subsidence. While mitigation plans have 
become more common in communities throughout Louisiana following Hurricane Katrina, the 
impacts of RSLR on tropical cyclone storm surge are not always addressed in these plans. 
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However, the Louisiana state mitigation plan utilizes various modelling methods to predict future 
potential economic losses caused by sea level rise and subsidence, in conjunction with additional 
coastal loss predictions from the Louisiana Coastal Protection and Restoration Authority’s 
Coastal Master Plan. This study builds on the efforts of Louisiana’s hazard mitigation plan by 
quantifying the increase in damage to industrial complexes within the LMRIC from increased 
tropical cyclone storm surge inundation due to RSLR. FEMA’s Hazus-MH software was used to 
conduct a reanalysis of Hurricanes Katrina, Rita, and Gustav for present-day sea level, as well as 
for the 10-, 25-, and 50-year RSLR projections.  New Canal and Grand Isle tidal station data 
were used to calculate sea level rise projections, and rates of vertical displacement acquired from 
NOAA’s Technical Report 50 were used to calculate subsidence rates. The major findings of 
Chapter 2 are as follows:  
• RSLR would have a direct impact on storm surge depth and extent.  Each historical 
modeled storm experienced an increase in both storm surge depth and inundation using 
both the Grand Isle and New Canal sea level trend estimates.   
• As mentioned in Chapter 2, most industrial complexes are built on higher ground along 
the banks of the Mississippi River, which affords the complexes additional protection 
from RSLR and storm surge inundation.  However, eight facilities in the LMRIC would 
be inundated by storm surge in a modeled Hurricane Katrina event, six in a modeled 
Hurricane Gustav event, and two in a Hurricane Rita modeled event. 
5.3 Chapter 4 Conclusions 
The Priority Risk Index (PRI) is increasingly used as a methodology for quantifying 
jurisdictional risk for hazard mitigation planning purposes, and it can evolve to meet specific 
community needs.  The index incorporates probability, impact, spatial extent, warning time, and 
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duration when assessing each hazard, but it does not explicitly integrate a vulnerability and 
consequence analysis into its final scoring.  To address this gap, a new index was developed – 
the Enhanced Priority Risk Index (EPRI).  The new index adds a sixth category, vulnerability, 
calculated from a vulnerability and consequence analysis of the impacts on seven sectors 
identified in Standard 4.1.2 of the Emergency Management Accreditation Program (EMAP).  To 
obtain a vulnerability score, impacts are ranked by sector from low (1) to very high (4), then a 
weighting factor is applied to each sector.  The vulnerability score is added to the EPRI and 
provides risk levels based on the number of exploitable weaknesses and countermeasures 
identified within a specific jurisdiction.  The vulnerability score and resulting EPRI is scalable 
and can be applied across jurisdictions, providing a transferable methodology that improves the 
hazard identification and risk assessment process and provides an approach for meeting 
Emergency Management Accreditation Program accreditation standards.  
Finally, the PRI and EPRI matrices were applied to the current tropical cyclone risk 
assessment analysis contained within the current East Baton Rouge Parish Hazard Mitigation 
Plan, and the results were compared.  The EPRI results were comparable to the PRI; however, 
the addition of the vulnerability multiplier provides planners with an additional tool for 
quantifying risk to industrial complexes and other sectors within their jurisdiction (i.e., public; 
responders; continuity of operations including continued delivery of services; property, facilities 
and infrastructure; the environment; the economic condition of the jurisdiction; and public 
confidence in the jurisdiction’s governance).  This holistic approach provides a standardized 
measurement of risk that is functional across all jurisdictions and scale-independent which 
strengthens the hazard mitigation process. 
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5.4 General Conclusions  
This dissertation research assessed the vulnerability of each of the 122 industrial facilities 
located along the LMRIC to present and future natural hazard events.  The following broad 
research questions were addressed: 
1) To what extent will predicted changes in climate along with anticipated RSLR and 
storm surge model predictions affect current industrial infrastructures in the LMRIC 
in the future? 
• RSLR and storm surge models indicate several industrial complexes within 
the LMRIC will be impacted.  This is especially true for industrial complexes 
in the southern portions of the LMRIC. 
• Several industrial complexes in the LMRIC may not be directly impacted by 
RSLR or storm surge; however, there is potential for indirect impacts since 
future hazard events could occur in the same geographic region as the 
complexes.  This could cause long-term issues depending on the recovery 
speed of the communities. 
2) What are the potential economic impacts of RSLR and tropical cyclones on LMRIC 
industrial facilities in the future, and how can these results aid managers of vulnerable 
facilities in implementing mitigation strategies? 
• Long-term complexes in the LMRIC that are susceptible to natural hazards 
could potential experience production stoppages or even shutdowns depending 
on the severity of the disaster.  Based on past events, this could have 
devastating consequences on a regional, state, and federal level. 
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• Managers of vulnerable facilities can use all available information to make 
informed decisions on preparing and mitigating for future hazard events.  
Understanding the risk associated with hazards allows managers to make 
informed decisions on how to prepare and mitigate the risk.  Managers cannot 
stop the event from occurring, but they can lessen or prevent damage and loss 
by preparing.   
5.5 Future Research 
The LMRIC faces several problems as it relates to natural hazards, but there are plans in 
place to aid in the recovery of previously damaged marsh lands.  It is important to study the 
impact mitigation and recovery actions such as diversion canals have on marsh development and 
sediment accretion, especially the areas south of New Orleans.  The overall impact from these 
activities is largely unknown, but the impact subsidence rates on the LMRIC may reach an 
equilibrium if actions such as the diversion canals are successful in rebuilding marshland, 
accreting sediment, and halting the advance of saltwater intrusion. 
 Several other avenues for future research exist, including researching the impact man-
made infrastructures such as levees, dams, flood gates, and pump houses have on RSLR and 
storm surge.  The LMRIC is an area protected by a collection of these structures.  Understanding 
how each structure impacts these hazards would be essential to planners attempting to mitigate 
RSLR and storm surge.  Additionally, future research should be conducted to determine what 
mitigation actions such as installing piling and underpinning or building up the industrial 
complex area, have already been implemented to protect industrial complexes. 
 Newer technologies must also be researched to produce accurate more precise rates of 
subsidence.  Currently, the TR50 dataset is the most accurate, site-specific dataset for annual 
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subsidence rates in the state of Louisiana, but this dataset requires updating.  Finally, the 
geographical location of the LMRIC makes it very susceptible to a multitude of hazards.  
Identifying areas within the LMRIC that are higher risk than others and implementing mitigation 
actions for these areas would be beneficial to the community as well as aid in mitigation 
potential loss of life and injuries.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
89 
 
Vita 
Joseph Harris was born in Marion, Virginia, to Dennis and Denise Harris, and he graduated from 
high school at Christian Liberty Academy in Arlington Heights, Illinois in 1995.  He proudly 
served in the United States Navy aboard the USS Kearsarge (LHD-3) and at Naval Air Station 
Norfolk as an Aviation Boatswains Mate Third Class (Enlisted Aviation Warfare Specialist) 
from 1996 to 2000.   Joseph received his Associate in Science degree from Hopkinsville 
Community College in 2009, his Bachelor of Science degree in Geosciences from Austin Peay 
State University in 2012, and his Master in Science degree in Geosciences from East Tennessee 
State University in 2014.  To continue his education and to fulfill a lifelong dream of earning his 
PhD, he entered the Department of Geography and Anthropology at Louisiana State University 
in 2014.     
 
